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ABSTRACT

Extending lasing action into the extreme ultraviolet and soft x-ray regions of the
electromagnetic spectrum has been a natural progression in the continuing development
of short wavelength radiation sources. However fundamental difficulties with the media
used to produce short wavelength lasers has in general hindered the widespread
development and use of such lasers in applications.
Up to now all EUV and soft x-ray lasers have operated with plasmas as the gain
medium to support lasing. This is a general requirement imposed by 1) the characteristics
of short wavelength radiation as it originates from highly energetic atomic transitions and
2) the fundamental aspects of lasing at these wavelengths. Thus the plasma environment

has been the defining characteristic in achieving lasing in the E W and soft x-ray spectral
regions.
This thesis presents investigations into two types of EWISoft x-ray lasers that
describe the operation and associated plasma dynamics of these devices.
The first is a numerical investigation into a recombination pumped x-ray laser at

13.5 nm operating in a Li plasma. Using a collisional-radiative model of the atomic
system, simulations were performed to determine the plasma conditions necessary to
produce gain that were observed in reported experiments.

The second investigation is the experimental development and operation of a
capillary discharge driven laser operating at 46.9 nm in Ar. This device is a new
generation of EUV/Soft X-ray laser based on a small scale driver system. The first
interferometric probing experimeng
-of this device will be discussed and related to the
.-

plasma dynamics of the capillary discharge.
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CHAPTER 1

1.1 Short wavelength sources

The extreme-ultraviolet (EUV) and soft x-ray spectral regions are two of the more
challenging regions of the electromagnetic spectrum within which to develop radiation
sources and the applications for these sources. There is no exact definition of the
wavelengths for which these two regions encompass, but a rough guideline is shown in
Figure 1.1 with the E W region extending from about 110 nm to approximately 40 nm,
and the soft x-ray region spanning 40 nm to nearly 0.1 nm. The difficulty with working at
these wavelengths is mainly due to the optical properties of materials in the EUV and soft
x-ray regions.

The complex index of refraction in solids at these wavelengths is

characterized by strong absorption and weak reflectivity. Hence there is a general lack of
transmissive and refractive optical materials for such things as windows and lenses. Most
gases also begin to absorb strongly below 110 nm due to the first ionization threshold
occurring for photons of this energy. This requires either a low pressure or vacuum
environment to transmit or propagate the short wavelength radiation to wherever it is to
be used. In general these two technical difficulties have hindered the development of
radiation sources in this region compared with the visible spectrum. Applications of

E W radiation have also lagged behind those for optical radiation due to the lack of well
developed and mature sources. Good examples are visible and ultraviolet lasers invented
in the early 1960s that have undergone nearly 40 years of development. They can now be
found in a myriad of applications from
_- - communications to medicine.

Soft x-ray region

EW
region

Figure 1.1 Soft x-ray and E W regions of the electromagnetic spectrum. Photon energy
corresponding to the wavelength is shown on the top scale.

However the last few decades have been somewhat of a renaissance for activity in

E W and soft x-ray research.

This has been due to some fundamental physics

achievements as well as application driven advancements.

Specifically, the

demonstration of the first x-ray laser at 20.6 nm in 1985 by Matthews, et al. [I] at
Lawrence Livermore National Laboratory brought in a new era of coherent short
wavelength research. Around the same time the concept of x-ray and EUV lithography
became a much touted future extension to the current use of visible optical technology to
manufacture microcircuits [2]. This has since fostered an increase in development of
high brightness sources.

e m

The different types of E w and soft x-ray sources can be grouped into categories
according to the general characteristics of how the radiation is produced. The three main
types are plasma sources, synchrotron sources and non-linear harmonic generation
sources. Further classification can_ _ -be
made as to whether the source is coherent, i.e. the
-radiation preserves phase relation, or is incoherent and the radiation has more of a noiselike character. Each of these sources will be briefly introduced by describing their
emission characteristics and the general technology behind each source. This thesis
examines specifically the dynamics of x-ray lasers which is a subset of plasma sources
and will be given a more complete introduction and general overview. However it is
important to consider how each of these sources relate to the others and in a way
complement each other in terms of potential applications.

1.1.1 Plasma sources

Plasmas have long since been termed the "fourth" state of matter in that they are a
unique physical phenomena. They consist of a grouping of atoms in an ionized form
which is composed of ions and free electrons. The free electrons are sometimes referred
to as continuum electrons since they are not bound to any ion and can possess a
'continuous distribution of kinetic energies. The processes by which short wavelength
radiation is emitted from plasmas consists of three main types called h-fie,
bound-free
and bound-bound. The free-free process is often called bremsstrahlung radiation. Such

1

*

radiation is due to the interaction of free electrons as they collide and undergo changes in
acceleration which gives rise to the release of radiative energy via photons. This process
produces a continuous or broadband spectrum since radiation can be produced at all
wavelengths. In contrast the free-bound
-- process involves the capture of a free electron by
___.-

an ion whereby the energy gained is given off by the release of a photon. This also
produces a continuous spectrum due to the just mentioned continuous range of electron
energies. This process is also referred to as recombination radiation.

In a plasma the bound-bound radiative process involves the specific electronic
transition in an ion between two states bound to the nucleus of the ion. The energy level
structure of the ion, just as in neutral atoms, is composed of discrete states which are
described by quantum mechanical wavefunctions characterized by principal, orbital and
spin quantum numbers. The states are arranged in energy according to these quantum
numbers. However the binding energy between the charged nucleus and remaining
electrons of an ion is larger than that of a neutral atom due to the additional net charge on
the nucleus. This causes the energy level separation of states to be higher in the ion.
When an electron makes a transition from an upper energy state to a lower energy state a
photon is emitted with exactly the energy of the separation of the states. In ions this
energy level separation can correspond to the photon energies extending into the EUV
and soft x-ray wavelength regions. Thus bound-bound radiation gives rise to so called
line radiation since the emitted wavelength is discrete. In addition the frequency spread
or linewidth of the radiation can be quite narrow due to the specific characteristics of the
transition. Such emission is termed narrowband. In some ions the energy level structure

--

has many closely-spaced levels. When emission occurs from each of these closely-spaced
levels the wavelengths are very similar and tend to overlap each other creating a quasicontinuous spectrum. Hence plasma sources in general are comprised of continuous
radiation and line radiation at specific
_ _ _ -. wavelengths. Figure 1.2 shows an example of the
different types of emission spectra encountered with plasmas.
The actual emission spectrum of a plasma is solely determined by the state of the
plasma and, of course, the elemental components or ionic species contained in the
plasma.

The state of the plasma can be defined in general by two fundamental

parameters, temperature and density. In a collisionally dominated plasma (common to
laboratory plasmas) each of the constituent particles, i.e the ions and electrons, will tend
to form a Maxwellian distribution of velocities due to equipartition of energy through
collisions with each other [3]. The only parameter that defines this distribution is the
temperature such that the plasma may be described as having an electron temperature and
an ion temperature, T, and Ti, respectively. Hence the temperature describes the kinetic
andor thermal energy of the electrons and ions. Furthermore due to plasma neutrality the
corresponding electron density and ion density in the plasma are related by, n, = xZini ,
i

where n, is the electron density, ni is the ion density of species i, and Zi is the charge state
of species i.
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Figure 1.2 Examples of simple and complex soft x-ray spectra from plasmas arising from
the different radiative processes. (a) Line radiation produced from a LiH capillary
discharge. (b) Broadband continuum produced from a Sn laser produced plasma.

C

The consequence of describing the plasma by its temperature and density is quite far
reaching. However for the purposes here in describing short wavelength radiation from
plasmas, a few general comments can be made to illustrate some qualitative issues.
Considering a weakly ionized plasma
the effect of increasing the electron temperature by
__ - some means generally causes a shift to higher ionization levels through collisional
ionization. Thus the spectrum of radiation would then originate from higher ion stages
thereby accessing more energetic transitions and producing shorter wavelengths. The
effect of increasing electron density for a given ion density increases the charge state by
the above neutrality relation.

It also goes directly to creating increased populations of

excited levels that are capable of radiating thereby increasing the amount of radiation
emitted.
The following sections describe the techniques for generating plasmas in order to
produce EUV and soft x-ray radiation.

LASER PRODUCED PLASMA SOURCES

The laser produced plasma (LPP) has been extensively studied as a means of
producing short wavelength radiation [4]. The laser plasma is created by focusing an
intense pulsed laser on a target made of a material such as a heavy element like tungsten,
tin, etc. The schematic diagram of a laser produced plasma is shown in Figure 1.3. The
laser radiation is absorbed by the material and quickly forms a plasma of dense highly
ionized material due to the heating caused by the absorption of laser radiation. The

heating causes the plasma to become increasingly ionized thus creating highly charged
ions with many electrons removed. Intense x-ray and E W emission is produced in the
form of line and broadband continuum radiation like that shown in Figure 1.2(b). An
approximation to the emission spectrum
__ _ of a laser-produced plasma can be made by
considering the plasma to be a blackbody radiator at some temperature. This ignores the
characteristic line radiation, which can be very significant, but serves to illustrate the
general emission character. The blackbody approximation to a LPP at an electron
temperature of 177 eV is shown in Figure 1.4.

EWIX-ray emission

/

Plasma

Figure 1.3 Schematic diagram of a laser produced plasma.

Figure 1.4 is an adaptation of a useful diagram conceived by Ceglio [S] in which
different E W and soft x-ray sources may be compared with respect to their individual
brightness defined by the quantity (photons/(sec mm2 mad2 .Ol%BW)). A word of
caution is needed here in interpreting this figure. A judicious definition of spectral

brightness may tend to place one type of source above the other and make it appear more
intense and thus give the connotation of being better. In this case short duration narrow
band sources such as a laser produced plasmas (considering line radiation) are favored by
the definition mentioned above. _ ..--.As -the remaining types of sources are discussed and
related to this figure it is important to consider that it is only a relative comparison. In
fact as the sources are discussed it will become evident that different sources are suited to
different tasks and therefore should only be absolutely compared in terms of analyzing
each source in its competitiveness for a specific use or application.
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Figure 1.4 Comparison of relative brightness of different types of EUV and soft x-ray
sources. Where markers are shown these represent nominal values for the indicated
wavelength. This figure is adapted from Reference [5] and a comparison of other sources
with relatively lower brightness can be found therein.
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light being amplified in the elongated direction of the plasma. The Ar8+laser at 46.9 nm
was demonstrated in 1994 by Rocca, et al. [7] at Colorado State University using a
electrical discharge. Section 1.2 will give a more
plasma produced in a capillary by-.an
__-- .

detailed introduction and overview of x-ray lasers and lay the groundwork for the
investigations in x-rav laser plasma dynamics studied for this thesis.

1.1.2 Synchrotron sources

The synchrotron source as a radiating source in the EUV and soft x-ray has been in
widespread use since the early 1950s. It has become a reliable source of radiation for
basic research and a test bed for many applications. Synchrotron radiation itself is a byproduct of the motion of accelerated charged particles. Large facilities such as the
Advanced Light Source (ALS) at Lawrence Berkeley Laboratory utilize storage rings
where the electron beam is circulated and then used to produce radiation. Special
insertion devices are placed in the path of the electron beam to produce radiation with
specific characteristics, such as wavelength spectrum and spectral qualities. Two general
types of insertion devices called undulators and wigglers are in common use today. These
devices are periodic arrays of magnets which cause the electron beam to deflect due to the
Lorentz force and undergo oscillatory motion and give off synchrotron radiation. Figure
1.5 shows a schematic diagram of an undulator. The actual spectrum is different in

+

undulators and wigglers. Undulators produce periodic narrow bands of radiation due to
interference effects while wigglers produce a more continuous spectrum. One important
characteristic of synchrotron radiation is its partial coherence as opposed to the laser
source which are essentially incoherent. This
produced plasma and capillary discharge
__ _ -.
makes synchrotron radiation almost laser-like which is important for applications which
require a degree of coherency.

x-rays

L.4

Pole magnets

Permanent magnets

Figure 1.5 Schematic illustration of an undulator used to produce x-ray radiation through
oscillating electron motion.

.

Referring again to Figure 1.4 the output of the U10 undulator [8] at ALS compares
favorably with the laser produced plasma source. The U10 is actually a third generation
device and has benefited from years of previous undulator development. The output of
____ -. on Figure 1.4 and is therefore not shown.
most wigglers would fall below the scale

1.1.3 Non-linear harmonic generation

Production of short wavelength light can also be accomplished by non-linear
harmonic generation. This technique has been widely used since the invention of the
laser to convert the fundamental frequency of the laser into the second, third and fourth
harmonic using non-linear optical crystals. The process of harmonic generation occurs
through the interaction of a high intensity beam of light with the nonlinear intensitydependent response of a material such as a crystal or a gas. Recently much work has gone
into investigating high order harmonic generation in an effort to produce short
wavelength radiation. This is accomplished by focusing a high intensity laser into a gas,
such as Xe or Ne. The interaction of the laser with the nonlinear polarizability of the
atom can produce very high order harmonics up to 125 or more [9]. Figure 1.6 shows an
example of the spectrum of odd orders of the fundamental wavelength generated in a
high-order harmonic experiment using Ne gas [lo].

Harmonic Order

Figure 1.6 Harmonic spectrum produced in 13 torr of Ne by an 806 nm high intensity
laser. Harmonic number 65 would correspond to a wavelength of 12.4 nm. Figure
adapted from Macklin [lo].

High order harmonic generation is a coherent process which can produce extremely bright
sources of soft x-ray and EUV radiation as shown in Figure 1.4. The wavelength of the
radiation can also be tuned by adjusting the output of the driving laser, as is common
practice today. Also phase matching techniques in gas filled capillaries have significantly
increased the efficiency of the harmonic output at the shorter wavelengths [l 11
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1.2 Applications of short wavelength radiation

Much of the advancements in short wavelength radiation sources has been due to the
demand for such in certain applications. One very important application mentioned

earlier is extreme ultraviolet lithography. As integrated circuits become more complex
they must pack more features into essentially the same amount of physical space.
Typically this has been done by reducing the wavelength in optical lithography in order to
increase the resolution and produce finer
- and finer features. However as the features
.-. . _.

continue to shrink beyond 0.1 pn, optical lithography will cease to provide the needed
resolution. Thus the use of EUV radiation has come to the forefront as the source
necessary to carry on the technology past the 0.1 pn limit. Much effort has gone into
developing laser plasma and capillary discharge sources due to their demand for use in

E W lithography [12,13].
X-ray microscopy has become an important tool in the ever increasing need for
imaging equipment in the biological and nano-structure fields. These microscopes use
laser plasma sources as well as synchrotron sources for a variety of demanding high
resolution imaging needs [14].

In general short wavelength sources tend to be somewhat large and expensive.
Synchrotron sources tend to be the costliest and most complex of the short wavelength
sources due to the overhead associated with the electron storage ring. Laser plasma and
harmonic generation sources usually require expensive high energy drive lasers.
Electrical discharge sources are probably the least complicated and often can be made
very compact. Due to the demands of the applications mentioned above there is a trend to
reduce the size and cost in order to make these sources more practical. For instance in

EUV lithography the capillary discharge requires much less space and costs significantly
less than does a comparable source utilizing a laser produced plasma.

An E W

microscope may also one day be constructed utilizing a capillary discharge source which
would be no larger than present day scanning electron microscopes.
Application driven development is a strong force behind the technology of short
wavelength sources. These sources____will
- therefore evolve in directions dictated by the
.

specific areas. For instance the capillary discharge with its small footprint and high
average power could be applied to microscopy and lithography.

High harmonic

generation with its high peak power and coherence properties will probably find use in
studies of dynamic systems, such as pump-probe diagnostics. X-ray lasers are already
being used as tools to do interferometry of high density plasmas in support of fusion
research and are just beginning to find applications in chemical research as well. In
addition, the scaling down in size of sources makes them more accessible to small scale
laboratories which will in turn lead to the development and realization of more
applications.

1.3 Overview of x-ray lasers

X-ray lasers have been briefly introduced in the context of comparing the different
types of short wavelength radiation sources. A more general overview will now be given
to introduce some of the specific types of x-ray lasers not already mentioned and describe
past and current efforts to achieve lasing in the EUV and soft x-ray regions. To date all
successful x-ray lasers have operated in a plasma. There are two main reasons behind this

fact. First it has already been mentioned that x-ray transitions arise from the electronic
transitions in highly charged ions. Thus a plasma is directly suited to providing ionized
species for which x-ray radiation may be produced. The second reason is that plasmas
can generally satisfy the requiremen.
- and provide the appropriate conditions for
producing a laser medium at short wavelengths. This is by no means inevitable since the
requirements are quite stringent, but plasmas can provide the right conditions under the
right circumstances. The details of the latter are the major focus of this work and will be
developed in the following chapters.
Until recently most x-ray lasers were produced in laser produced plasmas using very
high energy large laser driver systems. The lasers used to produce the plasmas had pulse
energies in the multi-hundred joule range or more and generally occupied large facilities.
It is not surprising that with such high energy lasers the plasmas generated were very high
temperature plasmas composed of highly stripped ions. This was the case for the first xray laser in 24x ionized Se. Since the first x-ray laser, many more lasers have been
demonstrated in highly ionized plasmas. In fact there exists particular types of ions that
have been most successful for producing lasers. For instance ~

e has~the~same
+ number

of remaining electrons as does neutral Ne, hence it is termed a Ne-like ion. Another
example would be c5+which has only one remaining electron and therefore is similar to
hydrogen and is termed a H-like ion. The electronic configuration of these ions then is
similar to their neutral counterpart. It has been found that by scaling a known laser
transition in a neutral species to the similar transition in the neutral-like ion there exists a
good chance of creating a laser. This is the basis of isoelectronic scaling and it will be

*

discussed in detail in Section 2.3 of Chapter 2. With that in mind the H-like, &-like, and
also the Ni-like ions have been found to be successful ion species to create x-ray lasers.
To date, EUV and soft x-ray lasers have been observed from nearly 70 nm down to

3.6 nm. Table 1 shows a sample list- -of-. some of the observed x-ray lasers. Note that in
some cases lasing occurs at multiple wavelengths.

Examples of observed x-ray lasers.

Table 1.1
-

Ne-like
Lasing wavelength Ni-like ionic Lasing wavelength
(nm)
species
(nm)
ionic species
Y ~ ~ +
15.5
AU~I+
3.56

Recent advances in capillary discharge x-ray lasers and small scale high energy lasers
have formed a new class of x-ray lasers based on the "table-top" concept. Thus instead of
large laser driver systems, x-ray lasers can now be built and developed in smaller
laboratory environments. In the case of capillary discharges the electrical driver systems
are quite modest in size and can even be made quite compact [15] such that a capillary

discharge x-ray laser can effectively fit on a table-top. High power, ultrashort pulse lasers
or so called table-top terawatt lasers are also being investigated as the driver for x-ray
lasers as well. The latter is especially suited to the optical-field ionized x-ray laser which
is special class of x-laser based on a highly
_ - non-equilibrium plasma.

1.4 Thesis summary

This introduction has illustrated the types of sources available in the E W and soft xray regions and briefly discussed the technologies behind each source.

Particular

emphasis has been placed on x-ray lasers, which is the topic of this thesis.

The

importance of the plasma environment cannot be understated in terms of its role
associated with achieving lasing in the E W and soft x-ray region. Specifically, the
following work deals with the dynamics of the plasmas associated with x-ray lasers and in
its most fundamental sense describes the ability to achieve amplification in plasmas at
these wavelengths.

In Chapter 2 some basic concepts of the laser will be developed and then extended to
x-ray lasers. This is followed by a discussion of two of the main methods to produce xray lasers in plasmas, recombination pumping and collisional pumping. A discussion of
the theory behind the capillary discharge x-ray laser will be given since it provides the
basis for experimental investigations for this type of x-ray laser. In addition background

theory will be developed for diagnostic plasma probing experiments undertaken for the
capillary discharge x-ray laser.
Chapter 3 describes a numerical model for a specific type of recombination x-ray laser
utilizing the optical field ionized scheme.
_ . -Chapter 4 describes experimental investigations on the capillary discharge x-ray laser
including development of the device itself. A significant portion of this chapter deals
with the optical arrangement and technique to accomplish diagnostic probing of the
plasma.
Chapter 5 serves to discuss results of the characterization of the capillary discharge.
An extensive analysis of the plasma probing experiments is given here and provides
insight into the plasma dynamics and operation of the capillary discharge x-ray laser.
Finally, Chapter 6 summarizes the work and gives concluding remarks on the
relevance of the work presented with respect to the field of x-ray lasers.

CHAPTER 2
THEORETICAL BACKGROUND

2.1 Introduction

The main focus of the work presented in this thesis is the analysis and description of
the plasma dynamics associated with the operation of x-ray lasers. In this chapter the
basic framework will be developed for the investigations undertaken in two different
types of x-ray lasers.
To begin, the general concepts of funaamental laser theory will be given and then
extended to x-ray lasers. Once the basics have been established the specific scheme of
recombination x-ray lasers will be introduced. This will provide the basis for the detailed
modeling of such lasers in Chapter 3. Next the collisionally excited x-ray laser scheme
will be described since it forms the background for the operation of the capillary
discharge driven x-ray laser of Chapter 4. In addition, the plasma concepts necessary to
understand the capillary discharge driven x-ray laser will be given. These concepts
introduce the key plasma conditions and parameters that are crucial to successful x-ray
laser operation. The final section of this chapter will provide the theory behind plasma

probing experiments to measure one of these key parameters to further characterize the
plasma dynamics in the capillary discharge driven x-ray laser.

The experimental

arrangement for the plasma probing investigations will be discussed in Chapter 4 and the
results given in Chapter 5.

-.

.

-

2.2 Fundamental laser theory

Lasers operate on the principle of amplification or gain in intensity of a photon beam
as it passes through atoms in a medium such as a solid or a gas. This amplification
occurs due to stimulated emission which is the photon induced radiative decay of an
atomic transition. To help illustrate the concept of gain, a simple two-level atomic
system is used. It consists of an upper energy level or state, u, and a lower energy level, I,
with the corresponding energy separation AEul = Eu - El > 0. The lasing transition is
between these two levels and has a wavelength hul. Figure 2.1 shows an elongated
column of the two level atoms representing a gain medium that supports lasing. The
intensity of the laser beam grows exponentially from some initial value lo along the zdirection through the medium according to the equation,

*

where g(v) is the frequency dependent gain coefficient and has dimensions of 1Aength
and is usually expressed in cm-' [I]. The gain coefficient is further defined according to
the general equation,

where oulis the stimulated emission cross section for the transition from the upper laser
level, u, to the lower laser level, I. For exponential growth it is clear that g(v) > 0 or

Equation 2.3 describes the necessary condition for a laser that a population inversion
must exist. That is, the population density (number per unit volume) of the upper level,
Nu, must be larger than the lower level Nr times the statistical weight ratio g,/g, for the
upper and lower levels.

I

1

)Lasing

Figure 2.1 Schematic diagram of a gain medium that supports lasing.

off

a collection of atoms in thermodynamic equilibrium at a temperature T the
population

of

the levels is governed by

NuI N , = t h / g ,

the Boltzmann

distribution

or

This clearly does not fulfill the necessary requirement of a

population inversion since the ratio.. N u / N , is always less than unity.

Thus the

population inversion must be created by bbpumping"which is a general term used to
describe a variety of processes that can promote population to the upper laser level.
Pumping will be described in more detail after some discussion of the stimulatea
emission cross section.
The lasing transition is characterized by the stimulated emission cross section which
has units of area or cm2. This cross section describes the probability of a stimulated
emission event occumng on that transition. The actual form of the stimulated emission
cross section depends on the type of emission broadening that occurs for the radiation. In
gas lasers the broadening is typically dominated by Doppler effects caused by the thermal
motion of the ions and leads to a gaussian lineshape profile for the cross section. The
stimulated emission cross section at the center of the gaussian frequency spread for
Doppler broadening is given by,

where M is the mass of the ion, T is the ion temperature, and Aul is the spontaneous
transition probability. Other broadening mechanisms lead to similar expressions for the
stimulated emission cross section.
The two level atomic system-.used for the above description does not include
sufficient levels to describe the concept of pumping of the upper laser level and the
creation of a population inversion. Thus the three level laser system shown in Figure 2.2
will now be used. It will be shown later that this system is also directly relevant to
specific x-ray laser level models. The three atomic energy levels or states are spaced
according to their energy separation such that the upper level is at E,, the lower level is at
El and the lowest lying energy level, 0 (which could be a ground state), is at Eo. The
upper and lower levels are subject to natural relaxation or decay processes to the next
lower lying level. The upper and lower states may radiatively decay by spontaneous
emission or they may also decay non-radiatively by collisions with other atoms. These
decay processes are shown in Figure 2.2 and collectively labeled as y for each of the
downward pathways. Pumping to the upper laser level from the state 0 is accomplished
through either collisional processes or absorption of radiation and is indicated by the rate

rou.Pumping can also occur to the lower level via these same processes and is described
by the rate ro1.

Figure 2.2 Simplified three level atomic system used for the description of a laser.

The rate of change of population in the upper and lower levels can be described by a
set of rate equations. For the steady state case the equations can be set equal to zero and
are given by,

The ratio of the upper state to the lower state is determined from these equations. It is
often the case in atomic systems that the decay rate is purely radiative; therefore it is
possible to set FA for each of the downward pathways. In addition when Alo is large, Auo
is usually small due to consideration of the energy level separation. Thus solving
Equations 2.5 under these conditions yields the following for the ratio of the upper and
lower levels,

In order for a population inversion to exist in steady state, the ratios of the pumping and
the radiative decay must be such that Equation 2.6 is greater than unity.

More

importantly, Equation 2.6 indicates that it is better to have a very fast decay out of the
lower level and a fast pumping to the upper level as compared to the lower level. It
should also be noted that the population inversion will only last so long as the pumping is
applied. In the case where the pumping is only on for a period of time greater than the
lifetime of the upper level, l/Aul ,but not continuous, the operation of the laser is termed
quasi-steady state. This is an important concept in x-ray lasers.

In addition to the steady state operation just described, the three level system can be
used to illustrate the transient inversion scheme. In this case it is assumed that there is no
decay out of the lower laser level. Thus the laser is said to be self terminating. This will
also be of importance to a specific x-ray laser pumping scheme to be discussed later.
Equations 2.5 cannot be set to zero since the time dependence is of interest in this case.
To further simplify the equations, y,,~is assumed to be negligible on the time scales of
interest and thus the upper level decays only by spontaneous emission A.1. Note that the
upper level lifetime before it decays is simply z = ]/Aul

.

Silfvast [I] shows that under

these conditions the ratio of the upper level to the lower level is given by,

N..

1 - e-'J=

_. -- - The maximum duration the inversion will last (and hence the gain) is given by setting

To~O
and solving for z with NuIN,= 1. This yields a value of

2 = I.6/Aul

. Thus the

transient pumped laser can be characterized by a short gain duration depending upon the
exact value of the spontaneous decay rate of the upper laser level.

2.3 Specific concepts in x-ray lasing

The basic concepts and fundamental relations just described apply to lasers in general,
whether x-ray, visible or infrared. However the fundamental parameters that define
lasing, such as the stimulated emission cross section and gain, are somewhat different for
x-ray lasers. In addition, the pumping requirements for x-ray lasers are significantly more
demanding than for other lasers at longer wavelengths. This is mainly due to the nature
of the highly energetic energy levels involved in the x-ray laser transitions. The concepts
specific to x-ray lasers will now be addressed by examining some scaling relations.

In order to access x-ray transitions it is necessary to strip electrons from atoms and
create highly ionized species. This is one reason why plasmas are an ideal medium to
create x-ray lasers. As an example consider a lasing transition between two bound levels

with principal quantum numbers n=3 and n=2 in a H-like ion.
'~
separation is given by AE, = -1 3 . 6 ~(1111

- l/n:)

The energy level

(in eV) where Z is the nuclear

charge. In H-like B& (2=5), for example, the n=3 to n=2 transition has an energy
separation of 47 eV which corresponds10 an x-ray wavelength of 26.3 nm. Likewise Hlike Carbon (2=6) has a wavelength of 18.2 nm for the same transition. This type of
scaling of wavelength with Z for a given transition in an ion with a neutral-like electronic
configuration is termed isoelectronic scaling. Hydrogen was used here as a simple
example for which the energy separation is easily calculated, but isoelectronic scaling
applies to other ion species as well even if the z2scaling is not maintained. For instance
se2& has essentially the same relative energy level structure as neutral Ne. Isoelectronic
scaling is most useful in utilizing known lasing transitions in neutral atoms and then
proceeding along the same electronic configuration in highly charged ions to identify
possible lasing transitions at shorter wavelengths.

In a H-like ion the spontaneous transition probability scales as Z 4 A,H where A:

is

the probability for the same transition in hydrogen. The lifetime of the upper level is
given by the inverse of the spontaneous transition probability or (24 A,)H
illustrates that for H-like ions upper level lifetimes scale as

.

This

l/z4; thus the lifetimes

decrease rapidly for increasing nuclear charge of the ion. (In the special case of the
transient inversion laser mentioned in Section 2.2 the gain duration lasts only on the order
of this lifetime and this effectively restricts the lengths of x-ray laser gain mediums unless
traveling wave excitation is used). Typical upper level lifetimes in the x-ray region are

C

picoseconds to femtoseconds. This reduction in lifetime duration also applies in general
to non H-like ions, but the same scaling cannot be used.
The stimulated emission cross section generally decreases with wavelength as can be
seen for the case of Doppler broadening in Equation 2.4. However there is an implicit
wavelength dependence on Aul that should be included before continuing with a scaling
relation. The spontaneous transition rate can be expressed in terms of the oscillator
strength for the transition, ful, which is fairly constant for a given transition along
isoelectronic sequences [2]. Thus Aurcan be written as [I],

The stimulated emission cross section follows from substitution of Equation 2.8 into 2.4
which gives,

where the wavelength dependence is explicitly seen to be not as strong but still decreases
significantly at shorter wavelength.

One might conclude that the gain would also

decrease, however this is generally not the case with x-ray lasers. In fact x-ray lasers
usually exhibit high gain values with decreasing wavelength.

**

The basis of increasing gain with decreasing wavelength is that the reduction in
stimulated emission cross section is compensated by the ability to produce a much higher
inversion density at shorter wavelengths. This is where pumping becomes very important
densities. To see how such high densities are
in producing the large upper laser--1e.1~4
achieved, consider a collisional mixing argument based on the specific case of electron
collisional excitation. (This concept will be discussed in greater detail in Sec 2.3.2) In a
plasma composed of free electrons and ions collisions occur frequently. In the case of
electron-electron collisions, the number of collisions per unit time depends on the
temperature and density of the electrons in the plasma. The electron collisions can cause
both excitation and de-excitation of levels. If the collisional de-excitation rate of the
upper level approaches the radiative decay rate out of the lower level the population
inversion will begin to be destroyed. This effectively places an upper limit on the
electron density in the plasma and still be able to support a population inversion. This
maximum electron density is readily calculated [3] and is given by,

where h, must be given in Angstroms, kT, is the electron temperature in eV, and (G,)
is the Gaunt correction factor that originates from the collisional rate and usually has a
value between 0.1-1 [4].

Most lasers, visible to x-ray, operate very close to this

maximum electron density [I]. Since in a plasma the relation between ion density and

electron density is n, = C Zini as discussed in Section 1.1.1, then it could be expected
i

that the ion density and hence upper laser level density would scale in the same manner
since Nu = AT,.

Therefore considering Equation 2.9 and 2.2 the gain coefficient would
_.
.-

scale as -l/h2

.

-

Hence the gain can increase with decreasing wavelength if sufficient

pumping is available. The scaling done here does not apply to every type of pumping
mechanism possible; however it does illustrate the general trend seen with many pumping
methods in x-ray lasers.
Values for the gain coefficient g in x-ray lasers can range from 1 to hundreds cm-'.
Thus it is seen that even short gain lengths can produce considerable gL products and
hence large amplification.
However, there are two conditions which lead to gain reduction and extinction and
they can become important in x-ray lasers just as in longer wavelength lasers. The first
condition is collisional mixing which has just been described above and led to the
relationship in Equation 2.10.

Exceeding the maximum electron density causes

destruction of the population inversion and hence reduction of the gain. The second
condition is radiation trapping which reduces the decay rate of the lower laser level due to
the immediate reabsorption of a photon emitted from the lower laser level to level 0,thus
re-exciting level I. This trapping is dependent on the ground state density No.Silfvast [I]
shows that radiation trapping begins to increase Nl when the value of oolNob becomes
greater than 1.46 where b is the radius of the gain medium.
Another consequence of the limited gain duration is that x-ray lasers mainly operate
in a mode termed amplified spontaneous emission. This is stimulated emission without

feedback as in an optical laser with an external high reflecting cavity surrounding the
active medium. With a short gain duration one must consider the light propagation time
that limits the distance that mirrors can be placed relative to the ends of the medium and
the number of passes allowed. Somedexperiments have been attempted with a single
mirror that allow double pass amplification, however the plasma environments associated
with x-ray lasers and the close proximity of the mirrors cause rapid degradation of the
mirror reflectivity if not catastrophic damage [S].
Production of the population inversion is of course critical to achieving lasing action.
Populating the upper laser level by pumping is a crucial and often quite sensitive
mechanism.

The two main forms of pumping x-ray lasers are recombination and

collisional excitation. They are both atomic processes that involve electron interaction
with ions and thus the plasma conditions fundamentally determine the effectiveness of the
pumping and overall achievement of gain. Since these two processes are distinct and they
form the foundation for the work in this thesis they are treated in detail in the next
sections.

2.3.1 Recombination pumping

Recombination pumping is a method by which the upper laser level is populated by
processes which begin with capture or recombination of continuum electrons with ions.

Continuum electrons are free electrons of continuous energy distribution existing in the
plasma. The two forms of recombination processes are termed three-body recombination
and radiative recombination. Three-body recombination requires the interaction of an ion
(

and two electrons. The ion combines with a free electron establishing a new ion (in an
excited state) with one less charge (or formation of a neutral atom) and imparting the
excess energy to the secondary electron. Radiative recombination involves the capture of
a free electron by an ion with excess energy given off via a photon.

e- continuum

Ionization
Pro ess

4

Radiative Decay

Ai

Figure 2.3 Energy level diagram used to illustrate the concept of recombination pumping
of x-ray lasers in plasmas. The electron temperature is shown increasing in the ionization
process and decreasing for efficient recombination pumping of the upper laser level.

The multiple steps involved in recombination pumping are illustrated in Figure 2.3
where an energy level diagram is shown composed of the ground state of an ion A'+ (with
excited levels p) and the ground state of the next higher ion stage A'"'~. The first step in
recombination pumping is to produce an abundant population of A('+')+ions in the ground

state. This condition can generally be accomplished by some form of ionization of the
plasma, electron collisional or otherwise, that produces this ion stage.

Note that

ionization also serves the purpose of producing free electrons which contribute to the
three-body recombination process; --Afthis point it is assumed that the plasma has a
temperature given by Te . The next step is the actual recombination of the electrons with
the A('+')+ions to form the next lower ion stage. The three body recombination process
favors populating the upper lying levels in contrast to radiative recombination which
favors the lower lying levels. This will be seen more clearly when the actual functional
form of the rates is given. In collisional recombination, collisional mixing of the upper
levels occurs on a very rapid timescale due to the small energy separation of the levels
and quickly distributes population amongst the levels Np according to the Saha equation
161
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where Ep is the ionization potential of any level p. The third step is the critical part of
recombination pumping and involves the cooling of the plasma. As the plasma cools the
population in the upper levels moves down according to Equation 2.1 1. Since the energy
spacing between levels increases toward the lower lying levels there will be a level such
that, with cooling, the collisional process becomes negligible compared to radiative decay
from that level. Since population is still moving into the upper level, but not being

depleted due to collisional processes, and the lower level is emptying due to radiative
decay, a population inversion can be created which then leads to lasing between the upper
and lower level as shown in Figure 2.3
Recombination processes such as three body recombination can be defined by rates
that are useful for quantifying the downward movement of population in levels according
to simple rate equations. Rates will be used extensively in Chapter 3 for numerical
modeling of a recombination x-ray laser. The rate, R, of a process is found by averaging
the product of the cross section for the process and the velocity of the interacting particles
over a velocity distribution, usually Maxwellian. This is written as R = (o(v)v) . The
cross section o is generally found by quantum mechanical scattering calculations taking
into account the initial and final wavefunctions of the interacting particles [7].To get the
number of reactions per unit time per unit volume, R is multiplied by the number density
of the two interacting particles. For electrons and ions interacting this would be neniR .
It is useful now to examine the functional forms of the recombination rates in order to
gain an understanding of how the inversions in recombination lasers are affected by the
plasma parameters, namely temperature and electron density.
recombination (rr)rate has the functional dependence [8],

The radiative
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where p is the particular energy level in the ion, Ep is the ionization potential of that level
and Te is the plasma electron temperature. The three-body recombination (3br) also has
the following functional dependence [9],
_ _ .--.-

-

The important consequence of the radiative rate as seen in Equation 2.12 is that it is
biased toward lower bound states and is less effective at populating higher levels such as
an upper laser level. This is in contrast to the three-body rate which tends to populate the
upper levels and has a much stronger dependence on the electron temperature. It is also
important to note that the actual rate for three-body recombination is proportional to the
square of the electron density since it requires the additional electron interaction whereas
the radiative rate is only proportional to electron density.
Population inversions are created by populating upper lying levels by three body
recombination and then allowing thermal redistribution to move population to the upper
laser level as discussed above. In order to preferentially pump the upper levels, strong
cooling is generally required and the three body rate must exceed the radiative rate.
Otherwise the inversion will be destroyed by direct pumping of the lower levels. In
addition the three body rate per unit time per unit volume is actually proportional to
ntn, = n: since there are two electrons involved in the process.

Thus the strong

temperature dependence and the cubic scaling with electron density place much

significance on the plasma parameters. This forces the plasma conditions necessary to
produce a population inversion to be a limited range of temperature and density parameter
space.

2.3.1.1 X-ray laser experiments using recombination pumping

The experimental realization of recombination pumped x-ray lasers is often hindered
by the demands on the plasma conditions necessary to produce inversions. In this brief
section two methods to produce recombination lasers will be discussed based on
collisionally ionized plasmas and optical field ionized plasmas.
The collisionally ionized plasma as a medium for a recombination laser suffers from
the apparently incompatible technique of first producing a high temperature highly
ionized plasma and then trying to cool it rapidly to produce a population inversion.
However it is possible to accomplish this by creating a laser produced plasma and then
allowing it to expand and thereby cool adiabatically. Actually at first glance this
technique seems almost assured of producing a population inversion. That is, when a
plasma expands and cools it would be expected that at some position and at some point in
time the temperature and density would be appropriate for efficient pumping. It has
worked in some cases, most notably the H-like

ck which operates on the n=3+n=2

transition at 18.2 nm [lo]. Various methods to enhance the cooling through conduction
or radiation have also been implemented [I 11.

Optical field ionization of a gas was recently proposed as a method to produce a
highly non-equilibrium plasma for which recombination x-ray laser output might be
achieved [12]. This scheme attempts to overcome some of the thermal problems in
collisionally ionized plasmas for-recombination x-ray lasers by utilizing the strong
electric field of ultrafast, high intensity laser pulse to tunnel ionize electrons from atoms
or ions within a time period significantly less than the recombination time of the plasma.
If a long plasma filament could be created by the laser, and the plasma was imbedded in a

cold background plasma, conditions could be appropriate for extremely rapid
recombination leading to an inversion even to the ground state instead of an excited state
as discussed above.

Experiments have been conducted where a pre-formed laser-

produced plasma has been generated and then allowed to expand and cool and
subsequently followed by optical field ionization with a short pulse high intensity laser.
Gain has been reported using this technique in H-like Li at 13.5 nm [13]. Numerical
modeling of this laser will be the subject of chapter 3.

2.3.2 Collisional excitation pumping

The most successful mechanism of pumping in x-ray lasers to date is electroncollisional excitation pumping. It is also the most straightforward approach to populating
the upper laser level. The success of this approach is firmly grounded in well known
visible and infrared lasers which utilize this mechanism [14]. In terms of x-ray lasers one

can again consider iso-electronic scaling of known visible lasers to shorter wavelengths
as discussed earlier.
To illustrate the concept of collisional excitation pumping a three level laser system
like that in Figure 2.2 will be.used.--It.icshownhere again in Figure 2.4 but the collisional
processes are explicitly diagrammed as the pumping mechanism to the upper laser level.
The analysis of the system in quasi-steady state is also exactly analogous to the discussion
given in Section 2.2 that leads to the condition for an inversion given by Equation 2.6.
However it is useful to introduce the electron collisional excitation rate functional
dependencies on the plasma parameters as was done in the previous section.

Figure 2.4 Three level laser energy diagram with collisional pumping processes shown.

Pumping of the upper laser level via electron collisional excitation is found to have
the following functional dependence [IS],

where neKouis the rate from the ground state to the upper level, bEh, is the energy level
separation Eu - Eo , and T, is the plasma electron temperature. Collisional de-excitation
serves to depopulate the upper laser level as well as empty the lower laser level. The deexcitation rate is found from detailea 6alance, which states that for any induced atomic
process there exists an inverse process [16]. Utilizing this principle yields the following,

where gl and g,, are the statistical weights for the lower and upper levels, respectively.
This implies the following relation for de-excitation of the lower level,

Similar relations hold for collisional dexcitation of the upper laser level to the lower laser
level and to the ground state.
Considering again the three level system shown in Figure 2.4, the energy spacing is
generally such that Mu~A.Elo>>A.EUl.The de-excitation rate out of the lower laser level
is usually quite rapid and by energy gap considerations larger than the rate out of the
upper laser level to the ground state. However, the de-excitation rate of the upper laser
level to the lower laser level is therefore much greater due to the smaller energy gap.
Thus, in order to establish a population inversion, it is usually necessary to have a fast

radiative decay rate of the lower laser level to overcome the collisional de-population of
the upper laser level. In addition, the upper laser level should be a metastable level in that
it does not decay too rapidly via spontaneous radiative decay to the ground. The
metastable level requirement is important when the pumping rate to the lower level is
significant as can be the case with direct electron collisional excitation.
As mentioned in Chapter 1 the Ne-like iso-electronic sequence has been quite

successful in producing collisonally excited x-ray lasers. This is fundamentally due to the
stability of the closed shell configuration to further ionization and, thus, the Ne-like stage
exists over a wide range of plasma temperature and density. Figure 2.5 shows the three
level energy diagram for the ~ e * and
~'

Ne-like lasers. These lasers utilize the 2p53p-

zp53s transition pumped from the 2p6 ground state shown. Pumping occurs to the upper
laser level by electron collisional excitation on a forbidden N=O transition or monopole
transition [17]. The actual rate for this excitation cannot be described by the analytical
expression given in Equation 2.14. This equation is found using allowed electric dipole
type transitions. Instead a quantum mechanical matrix calculation must be done to find
the cross section and then a rate may be determined [18]. However calculations have
suggested that the monopole excitation rate, 2p-3p, is nearly the same as the allowed 2p3d dipole rate [19]. Thus the analysis carried out previously for establishing inversions
via collisional excitation holds in spite of this small added complication.
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Figure 2.5 Schematic diagram of energy levels involved in the collisionally excited Nelike 3p-3s laser in Se and Ar. Adapted from Ref. [2].

A more detailed description of the Ne-like Ar laser will be useful at this point to

illustrate the favorable conditions to produce a population inversion and gain. Figure 2.6
shows the same energy level diagram as Figure 2.5 with the radiative transition rates
given for the upper to lower laser level and the rate for the lower level to the ground state.
Considering Equation 2.6 and substituting the rates gives NUIN,= 17 where the ratio of
the pumping rates is approximately unity for Ne-like excitation. A population inversion
is therefore assured. The only factors that could reduce gain in this system are then
electron-collisional mixing and radiation trapping. For the Ne-like Ar capillary discharge

nem = 1x 10'' ~ r nby- ~Equation 2.10 with kT,-60-80 eV (see Figure 2.1 1). Likewise the
trapping factor oolNOb can be approximated with Equation 2.4 and is estimated to be
close to the value for which trapping would slightly reduce the inversion.

Monopole
excitation

1s22s22p6Ne-like ground state

Ars+
Figure 2.6 Energy level diagram for the Ne-like Ar laser indicating the decay rates.

2.3.2.1 X-ray laser experiments using collisional excitation pumping

The previous section provided some basic concepts for understanding collisionally
pumped x-ray lasers and also provided some background of the successful Ne-like
scheme.

Pumping by collisional excitation has proven much more fruitful than

recombination pumping in terms of the number of demonstrated x-ray lasers. This is
generally due to the less restrictive conditions on the plasma parameters for collisional
pumping. For instance all the lasers included in Table 1.1 are collisionally pumped
lasers. The two main techniques to produce the plasmas for these x-ray lasers are again
laser produced plasmas and the recently demonstrated electrically driven capillary
discharge plasma [20].

2.4 Capillarv discharge driven plasmas

The basic theory of the capillary discharge plasma, used to drive the Ne-like Ar laser,
will now be described to provide a foundation for future chapters which deal directly with
the dynamics of these plasmas. The first types of capillary discharges date back to the
early 1960's and were investigated for the purposes of producing EUV and soft x-ray
radiation [21]. The devices themselves are conceptually simple and consist of a narrow
capillary channel made of an insulating material placed between two electrodes as shown
in Figure 2.7.

A high voltage electrical circuit usually containing a capacitor is

discharged through the capillary creating a plasma. Details of the design and operation of
capillary discharge devices will be given in Chapter 4.

Electrodes

+\

capillary

1

Figure 2.7 Schematic diagram of a capillary discharge.

As stated previously early capillary discharge devices were mainly used for their
ability to produce incoherent short wavelength radiation. It has not been until just
recently that they were examined for the possibility of amplification of short wavelength
radiation [22]. The primary reason--behindthis was the accepted notion that long column
electrical discharge plasmas can be extremely non-uniform and would not support lasing
action. The basis for this belief rested on many decades of research with large pulsed
power devices, mainly 2-pinches and theta-pinches [23]. An example of the nonuniformity in a z-pinch is shown in Figure 2.8 where the plasma along the axis is broken
up and exhibits so called instabilities. It is well known and will be discussed in Section
2.5.2 that electron density gradients in plasmas cause refraction of light. The plasma of
Figure 2.8 indicates a very non-uniform plasma density such that any beam traversing the
length would be subject to refraction. Such refraction losses would probably destroy any
ability to achieve amplification along the length.

I::
Fig 2.8 X-ray pinhole photograph of a pulsed power driven (exploding wire) z-pinch
plasma exhibiting extreme axial non-uniformity due to instabilities (Adapted from [2]).

Demonstration of the first capillary discharge x-ray laser put an end to the notion of
the non-uniformity of discharge created plasmas. The axial uniformity of the capillary

discharge is one of the important characteristics that make it possible for amplifying short
wavelength radiation. The concept of the uniformity will be addressed in later chapters.

In order to produce the high electron densities and electron temperatures necessary to
pump an x-ray laser in discharge --devices a sufficient amount of energy must be
transferred to the plasma in a relatively short period of time. Once the discharge is
created the energy is deposited into the plasma through the current that flows through the
column. If the current is of sufficient strength, a "pinch" will form which is the collapse
of the plasma column due to the self-generated azimuthal magnetic field associated with
the longitudinal current.
As a starting point of reference, the pinched discharge can be treated as a balance
between the inward electro-magnetic forces and the outward fluid pressure forces, where
the fluid is the idealistic representation of the free electron density and ion density. This
is the basis of the equilibrium pinch and is used here to illustrate the constriction of
plasma particles. (The description of the dynamic pinch follows this discussion and is
more applicable to the actual capillary discharge plasma.) Following the analysis in
Glasstone [24], the balance of the forces can be represented by

where V p , is the pressure gradient due to electrons,

and

represent all the fields in

the plasma and 7, is the electron velocity. A similar equation exists for ions with the

difference of a positive charge in the Lorentz force term. Since capillary discharge
plasmas can be assumed to be cylindrically symmetric Equation 2.17 can be reduced to
include only radial dependence and the azimuthal component (B,) of the magnetic field
so that,

---

I

-

Now assuming a Maxwellian distribution of velocities, the electrons (and ions) can be
modeled as an ideal gas for which p = nkT . Combining this relation with Equation 2.18
and its ion counterpart gives,

Glasstone [24] makes the simplifying postulate that ne = ni which is only true for a
hydrogen plasma or singly charged ion plasmas. This assumption is necessary for an
analytical description and nonetheless illustrates the concept behind the constricted or
pinched plasma. Further simplification can be made by noting that the ion velocity can be
neglected compared to the electron velocity. Thus,

This equation relates the particle density to the azimuthal magnetic field arising from the
current flow in the discharge. The magnetic field can be expressed using Ampere's Law

Vx

= (4nlc)j in cylindrical coordiiia~esand noting that the B field is independent of 8

and z in a linear discharge such that,

where the last term on the right hand side is from Ohm's Law. To incorporate this
expression in Equation 2.20 it is necessary to multiply through by r/n and then
differentiate with respect to r so that,

The solution to Equation 2.22 can be found given the boundary condition dnldr = 0at
r=O which simply means the particle distribution is symmetrical about the axis. The

solution is the so-called Bennet distribution and has the following form,

This shows that the particle density is peaked on axis and drops off with increasing radial
distance away from the axis as shown in Figure 2.9.

Radial Distance r
Figure 2.9 Bennett distribution of particles in a confined plasma.

The preceding analysis has illustrated the confinement of particles due to the magnetic
field in a pinched discharge but has not described the dynamic nature of the discharge.
This analysis is somewhat limited in that it is relevant to quasi-equilibrium states that
may exist at an instant in time in a slowly varying system. In other words at any given
time the fluid forces and electromagnetic forces are in equilibrium and the evolution of
the plasma would be a succession of quasi-equilibrium states.

In capillary discharge plasmas the excitation via the current pulse and subsequent
evolution of the plasma is a dynamic rapidly developing system. It is possible to illustrate
the basics behind the dynamic pinch by describing a simple model that considers a plasma
sheath formed in the discharge and then compressed inward due to the magnetic field.
Consider again the discharge bore of Figure 2.7 and assume it is filled with preionized
gas. When a fast rising current pulse is applied to the discharge bore current begins to
flow on a narrow sheath on the periphery due to the skin effect. This is analogous to the
result of high frequency current flowing on the surface of a good conductor due to the
skin depth relation. This plasma sheath experiences in inward pressure due to the selfgenerated azimuthal field Be given by

The magnetic field strength is related to the current by the Biot-Savart Law or

Bo = I l5r where r is the sheath radius. Substituting this relation into Equation 2.24
gives p = 12/200nr2 . Considering conservation of momentum (or essentially balancing
of the forces) the force exerted by the magnetic field must be equal to the time rate of
change of the momentum of the sheath, i.e. FB = d ( m ~ ) / d which
t
gives (in terms of
force per unit length),

where p is the initial density of preionized gas and rois the initial radius of the plasma
sheath. Substituting the expression for p gives the relation for the change of the plasma
diameter with time as a function of the applied current (Eqn (7.22) in [24]),

In general the current will vary with time and is well represented by the sinusoidal
function I = I, sin(at) in many experimental situations. Considering only the initial rise
of the current pulse, with sin@) = a t , Equation 2.26 then becomes

The solution to the above equation may be obtained numerically and is best done by
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redefining in terms of the dimensionless variables K r r/r, and T I t(I0u,
/l0Onpr~)

so that Equation 2.27 becomes

The solution to this equation is plotted in Figure 2.10 and shows the decrease in the
plasma sheath radius with time. This serves to illustrate the dynamic collapse of the
plasma column under the action of the magnetic field.

Figure 2.10 Decrease in the plasma column radius with time due to pinching as
calculated by Equation 2.28.

The previous analysis has shown how a plasma column may collapse due to the self
generated azimuthal magnetic field. The full description of the dynamic capillary
discharge pinch necessarily involves solution of the coupled equations of
magnetohydrodynarnics.

This requires numerical modeling of the fluids and

electromagnetism in a self-consistent manner. This type of modeling has been done by
others [25] and provides a sophisticated approach for calculating many of the plasma
parameters such as electron temperature and density in the capillary discharge. It also
beyond the scope of what is being described here for the basics of pinched discharges.
The analysis so far has illustrated how a pinch discharge decreases the size of the
plasma column and causes confinement of particles to a narrow channel in the center of
an insulating bore. In a capillary discharge the dynamics also include effects due to shock
wave formation. The shock wave is a combination of hydrodynamic and hydromagnetic
induced pressure fronts. The hydrodynamic contribution occurs through joule heating of
the plasma due to the passage of the current. This causes a local temperature increase
leading to a pressure increase. Since the sound speed increases with pressure the
wavefront steepens giving rise to the characteristic discontinuous shock front. The
hydromagnetic contribution due to magnetic pressure enters through a similar effect. The
speed of the hydromagnetic wavefront increases with increasing compression giving rise
to the discontinuous shock front. These two processes are coupled and provide a positive
feedback to develop the shock wave in combination. The spatial and temporal nature of
the plasma electron temperature and electron density depend very strongly on the state of
the pinch inside the discharge owing to the shock and magnetic field driven compression..
The main processes that affect the electron temperature are ohmic heating and heating
due to compression as described above. Ohmic heating rapidly raises the temperature of
the electrons through collisions. In fast discharges the rate of temperature increase
generally follows the rise of the excitation current waveform. Compression heating

enters through the fact that as particles are swept up, and driven inward, there are
collisions between ions and electrons. This causes the transfer of kinetic energy to
thermal energy as the plasma continues to intermix and randomize as the column pinches.
etal. [26]are useful here to illustrate the effects of
Calculations performed by Roc~a;

the compression of the plasma column in the capillary discharge. Figure 2.1 1(a) shows
the calculated temperature and electron density in the Ar capillary discharge near the bore
axis following excitation by the 70 ns half cycle current pulse. As can be seen the
temperature rises quite rapidly due to ohmic heating. At later times the plasma begins to
cool due to radiation losses and thermal conduction to the surrounding wall. The density
is seen to be relatively low until the first compression occurs and then the density
increases very rapidly over the course of about 10 ns. The density then decreases at later
times due to recombination.

Time (ns)

Figure 2.1 1 a) Calculated electron temperature and density on axis in the Ar capillary
discharge. b) Calculated corresponding lasing signal (solid line) from the amplifier.
Adapted from 1261.

The high electron densities and temperatures that can result in the pinch discharge are
directly responsible for the collisional excitation pumping in the capillary discharge
driven x-ray laser in Ne-like Ar. Rocca, et al. [26] showed that lasing occurs for a
duration of about 1 ns very near the-peak of the current pulse but before the maximum
compression results in the pinched discharge. This is shown in Figure 2.'1 l(b). Gain in
the laser is quenched when the plasma density continues to increase and collisional
mixing and thermalization occurs (as discussed earlier). Increased refraction of the laser
light out of the gain region due to the high electron density also plays a role in destroying
lasing action.

2.5 Plasma probing for electron density measurements

Section 2.4 discussed the theory behind pinched plasmas and the dynamics associated
with discharges used to produce such plasmas. Much of the knowledge of the dynamics
originates from experimental observations such as plasma probing experiments which try
to diagnose the conditions within the plasma both spatially and temporally. One of the
most important types of measurements is the determination of the electron density
distribution as a function of time. The spatial and temporal evolution of the electron
density can provide much insight into the operation of x-ray lasers. It can also provide
benchmark measurements which support complex theoretical hydrodynamic modeling
which are often plagued by inaccurate but nonetheless necessary assumptions. In the next

section the theory behind the measurements used to determine electron density in a
capillary discharge device will be presented.

2.5.1 Elementary theory of interferometric measurements

One of the most widely used techniques to measure electron density inside a plasma is
interferometry. This optical technique takes advantage of the varying index of refraction
in a plasma due to its own free electron density. The index of refraction in a plasma
originates from the dispersion relation for waves in an ionized plasma with electrons as
the free carrier. The well known result is [27],

where o, = ,/nee2/me&, is the plasma electron frequency and o is the propagating
wave frequency. Equation 2.29 is often redefined in terms of the critical density in the
plasma which is the density for which an electromagnetic wave of frequency o equals the
plasma frequency. Waves of lower frequency do not propagate and decay evanescently.
Thus the critical density at frequency o i s n, = m e ~ , 0 2 / e=
2 1.1 x 1013 3,-2 where h is
the propagating (or probe) wavelength in centimeters. Equation 2.29 can then be
expressed as,

which is the often quoted form in terms of the plasma density and probe wavelength.
Note that in a cylindrically symmetric pinch discharge as discussed earlier the electron
density will be a function of the radial coordinate so that ne = ne(r) and hence

An interferometer allows observation of the interference of waves owing to the
relative difference in phases of the waves. The phase difference produces a modulation
of the observed intensity pattern due to constructive or destructive interference.
Considering the case of two monochromatic beams with intensity Il and I2 the total
intensity arising from the superposition of the corresponding electric fields gives [28],

where 6 is the difference in phase of the two waves. If the beams take different paths to
arrive at the point of interference than the phase difference is given by kill where k is the
free vacuum wave vector and A1 is the difference in the optical path of the two waves.
The specific two beam interferometer used in this work is a Mach-Zehnder
interferometer that is frequently used in diagnostics of flow visualization and also for low
and high density plasma probing [29]. It consists of the arrangement shown in Figure

2.12. The Mach-Zehnder is an example of an amplitude splitting interferometer where
the first beamsplitter splits the light equally (50150) between the two arms and the beams
travel along the different paths. The light is redirected via the mirrors back to the
recombining output beamsplitter. - When the interferometer is aligned such that the
difference in the lengths of the two arms is within the temporal coherence length of the
illuminating source the interference is seen as alternating bands of bright and dark light or
interference fringe orders. The pattern of straight bands is due solely to the relative tilt of
the two beams with respect to each other as indicated in Figure 2.12 and provides a
reference pattern of fringes. This is in contrast to other type of interferometers such as
the Michelson which produce circular fringes [30].

Reference Arm

Bearnsplitter
Figure 2.12 Optical arrangement of the Mach-Zehnder interferometer

Detector

Intensity

Interference Fri
Test Beam

Fig 2.13 Illustration of the interference fringes created in the Mach-Zehnder
interferometer due to the relative tilt of the two beams. Adapted from Reference [311.

In the use of the Mach-Zehnder interferometer for probing measurements one arm is
referred to as the reference arm and the other the test arm. The plasma to be probed is
placed in the test arm. This effectively changes the optical path length in the arm that
includes the plasma since it adds an additional length of qP1, where qp is the index of
refraction of the plasma (Equation 2.30) and 1, is the length the light ray travels through
the plasma. The total optical path length is found by integrating along the ray trajectory
(i.e. a line integral) for each arm, defined as l1 and 12. With no plasma present the
difference in path length is qo(jdll - jd12) and the corresponding phase difference is

6$ = ( 2 q 0/h)(j dll - j dl,).

This establishes the reference fringe pattern for the

undisturbed condition as mentioned above. With plasma present the difference in path
length is q0(jdll - dl,)

+j (q, - qp)dlp

and the phase difference is given by

multiplying by ko just as before. The spatially varying index of refraction translates to a
spatially varying phase shift which effectively causes the undisturbed fringe orders to be
shifted relative to their original reference position. Fringe order is given by m=W/n

.

Therefore by subtraction of fringe orde:fS produced with plasma present to those without
yields,

This equation is of central importance since it shows that through measurement of fringe
displacement it is possible to extract the electron density distribution of the plasma.
However there are still some fundamental considerations in propagation of probe light
through plasmas that may effect interferometric measurements and they will be discussed
in the following section.

2.5.2 Transmission of radiation through plasmas

Interferometry of plasmas is a powerful tool to diagnose the electron density however
refraction and absorption losses in the plasma can complicate the analysis of
interferometric data. The ray trajectory for light passing through a cylindrically symmetric
plasma with index of refraction q,(r) can be described by [32],

where it is assumed there is no variation in index along the z-axis. Equation 2.33 in
effect describes the bending of light rays due to the gradient of the plasma density. Thus
in the interferometer light rays that were originally parallel before entering the plasma are
subject to deflection due the plasma gradient and hence can traverse different regions of
index. This can lead to blurring of fringes as well as difficult interpretation of the data.
In a plasma with a linear density gradient the deflection angle from the original path is
proportional to h2 where h is the probe wavelength. Thus the effect of refraction can be
reduced significantly by utilizing shorter wavelengths. Chapter 5, Section 5.4.4 will
address this issue in detail and provide calculations based on density profiles in the
capillary discharge plasma.

Although refraction can cause ambiguous results for

interferometric measurements there are experimental configurations that utilize careful
imaging that can essentially neglect the role of refraction [33].

Nevertheless it is

important to understand if and how much refraction may be occurring and account for its
role when analyzing experimental data.
Absorption of radiation in plasmas is another concern for plasma probing experiments
and is caused by three main processes. Inverse bremsstrahlung (or free-free absorption) is
the absorption of photons by free electrons. Photoionization (bound-free absorption) is
the inverse of radiative recombination and occurs when a photon is absorbed by a bound
level causing ionization. Resonant photoabsorption (bound-bound) occurs when the

photon directly excites an atomic transition between two bound states with the same
energy separation as the incoming photon energy. The relative importance of these
processes mainly depends on the plasma conditions, especially whether the plasma is
composed of high-Z elements --.an&the overall degree of ionization. Inverse
bremsstrahlung is particularly important at low photon energies (few eV) and hence is of
utmost consideration for probing experiments. The absorption coefficient (units of cm-')
is given by [34],

In general terms, for a given photon energy and electron density higher temperature
plasmas become more transparent. In addition absorption is roughly proportional to the
square of the wavelength and hence shorter wavelengths can probe higher temperature
and density plasmas.

This is the idea behind the use of x-ray lasers, with their

corresponding short wavelengths to illuminate interferometers to probe high density
fusion plasmas [35]. In terms of visible wavelength interferometry as employed in this
work, some a-priori knowledge of the order of magnitude of the plasma temperature and
density allows for judicious choice of wavelength and other experimental parameters.
The issue of absorption in the interferometry work done here will also be discussed in
detail in Chapter 5, Section 5.4.3.

CHAPTER 3
NUMERICAL MODELING OF A RECOMBINATION

X-RAY LASER

3.1 Introduction

In the previous chapter the concept of the recombination pumped x-ray laser was
described in the general terms of the atomic processes that can create a population
inversion. It was also emphasized that the plasma conditions ultimately determine
whether gain can be achieved. In Section 2.3.1.1 the basis of the optical field ionized xray laser was introduced and a brief description was given on how a non-equilibrium
plasma may be generated that could potentially allow lasing to the ground state via
recombination pumping. This method was first experimentally investigated by Nagata, et
al. [I] in H-like Li at 13.5 nm. Later experiments by Korobkin, et al. [2] investigated the
scheme utilizing LiH microcapillaries as waveguides. In this chapter a theoretical
investigation of the optical field ionized x-ray laser in H-like Li will be given based upon
a three component collisional-radiative plasma model.

The model developed here

includes the relevant atomic processes and provides insight into how the plasma

conditions can effect the gain. The numerical model utilizing rate equations will be
described after first providing details on the experiments conducted by Nagata, et al. [I].
The results of simulation and experiment are then compared. Finally some comments
about the general nature of the modeling and its inherent limitations will be given.

3.2 O~ticalfield ionized x-ray laser ex~erimentsin H-Like Li

Optical field ionization was recently proposed [3-61 as a method to rapidly produce a
highly non-equilibrium plasma from which x-ray laser output might be achieved. This
process uses an ultrafast, high intensity laser pulse to strip electrons from atoms or ions
within a time period significantly less than the recombination time of the plasma. It was
suggested by Burnett and Enright [4] that preionization of a plasma at a low ionization
stage might be a desirable precursor for producing recombination lasers in order to
provide a cold electron bath adjacent to the stripped plasma to rapidly cool the optical
field ionized (OFI) electrons. Nagata, et al. [I] suggested that the use of He-like ions for
the initial plasma would minimize the effect of self-focusing of the high intensity laser
resulting from multiphoton ionization. They also suggested that if a sufficiently low
temperature plasma were created before the OFI pulse arrived, the ions and electrons of
such a plasma might remain at approximately their initial temperature for a short duration
after the OFI pulse passed through the medium. Those initially cold plasma electrons and
ions could provide the conditions for extremely rapid recombination leading to an

inversion to the ground state of the next lower ion stage if the conditions are appropriate

[7]. In contrast, the O H produced electrons would have a temperature of the order of
several tens of eV or greater [4,5]. Such a hot electron temperature is much too high to
produce inversions to the ground state, but at later times could cool and lead to inversions
on transitions among higher lying levels.
The experiments performed by Nagata, et aL, used a 20 ns duration KrF excimer laser
that was line focused onto a Li target from which an expanding, approximately cylindrical
plasma of Li' ions at an estimated temperature of 1.5 eV was created. After this plasma
had expanded for a duration of 700 nsec, a 50 ml, 500 fsec, 0.248 p KrF laser pulse was
focused into the plasma in a direction parallel to the Li metal surface with a beam
diameter of approximately 10 pm located 0.5 mm from the Li surface. This arrangement
is schematically diagrammed in Figure 3.1.

A plasma density of 2x10~' ~ r n was
-~

reported for the cold electrons as determined by the Inglis-Teller limit in He-like Li [I].
Also an electron temperature of less than 1 eV (at 700 ns) was estimated in the expanding
plasma based upon an initial plasma temperature of 1.5 eV when the plasma was first
produced. It was suggested that the OF1 pulse completely stripped the Li' ions in the
narrow cylindrical channel created by the propagation of 'the ultrafast laser beam. This
~ '
then would leave primarily three plasma species existing in the plasma channel; ~ i ions,
and the OFI produced hot electrons surrounded by the original plasma electrons at a cold
temperature (hereafter referred to as the cold electrons).
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Figure 3.1 Diagram of the optical field ionized x-ray laser experimental arrangement
used by Nagata, et al.

3.3 Numerical modeling-A

Maxwellian collisional-radiative model for H-Like Li

The experiments by Nagata, et al., reported measurement of gain at 13.5 nm in H-like
Li using the method described above. This section describes a collisional-radiative model
to find a theoretical basis for the observation of gain in such a system given the
appropriate conditions. It is suggested that only the cold electrons could participate in the
recombination process and thereby produce gain as discussed in Section 2.3.1.1. The hot
electrons produced by OF1 could not interact significantly with either the plasma ions or
the cold electrons during the short time gain is produced as predicted by the transient
inversion scheme described in Section 2.2
The plasma model developed to simulate the OFI laser in H-like Li is based upon a
time-dependent solution of the rate equations describing the atomic processes in the
recombining plasma and is conceptually similar to models developed by other workers

[4,8]. The numerical model provides the time dependence of the populations of the first

20 energy levels in H-like Li thereby allowing calculations of the population inversions
and gain between specific levels and the determination of time-dependent gain profiles.
This model describes the decay of -the completely stripped Li3+plasma through the first
20 energy levels of the hydrogen-like Li2+ ion stage and then through the Li+ and Li
neutral species. A model such as this generates a set of rate equations which then can be

solved quite rapidly on typical desktop computer. The interactions between the ~ i ~ +
levels were treated in detail and can be described by examining the form of the rate
equation for these levels which is given by,

Examining the first line of Equation 3.1; Nnis the population in the Li2+level indicated
by the subscript n (=I-20), ne is the plasma electron density and NJTis the por- lat ti on in
the fully stripped Li3+ion (assumed to have only a ground state). The first two terms of
account for radiative recombination (rr) and three body recombination (3br) into the Li2+

excited levels as well as collisional ionization out of the ~ i levels.
~ + The rates for
radiative recombination, R , , [9], and collisional ionization, In [lo] are,

For In

,e is the number of electrons in the ionizing shell and for R , , ,Z is the nuclear

charge. In both rates, En is the ionization potential of level n and Ej is the first
exponential integral. The rate for three-body recombination is related to collisional
ionization by the principle of detailed balance (see Section 2.3.2) thus,

where gn is the statistical weight of state n. The second line of Equation 3.1 describes
spontaneous radiative decay and is given by,

where fin is the oscillator strength of the j+n transition and Ejn=Ej-En is the energy
separation between the levels. The third line of Equation 3.1 accounts for collisional
excitation and de-excitation (again derived from detailed balance) between the levels and
the rate for collisional excitation was-taken from Seaton [111 ,

The last line of Equation 3.1 is used to describe radiative and three body recombination
~ +
the total population NIT
into the Li' (He-like) ion as well as ionization into ~ i from
representing the Li+ ion. The total radiative rate R m ,used
~ was from Rumsby and Paul
[12] and the total three-body recombination rate, RJbrnT
was obtained from Pert [13].
To complete the description of the model rate equations are also necessary to describe
the populations of ~ i ~Li'+, ,and Li each of which is comprised of just a ground state.
This may seem like an over simplification, however for the simulation of recombination
lasers especially H-like, it is routinely done [4,8] and generally does not affect the overall
conclusions. Inclusion of detailed levels in the various other ions would only slow down
the calculation and would not afford any relevant information since the cascade is
essentially bottle-necked at subsequent stages when one assumes all population starts at
the next higher ion stage. The remaining equations are then,

The electron density itself also must be accounted for through the following equation,

which guarantees the charge neutrality of the plasma.
Since the ultimate output of this model is to predict gain in a recombination laser an
expression is required for the peak small signal gain coefficient which is readily
determined once the inversion density is found. The formula given in Bumett and
Enright [4] is used here as well,

The transition linewidth U for Lyman a transitions is given by Elton for linear ion
quasi-static Stark broadening [14] as,

where Z is the ion charge and

zp..=ad(~;
+ NP* + N P ~ is) the average ion charge.

Also for the modeling purposes here the plasma was assumed to be optically thin. This
simplifying assumption neglects contributions from photoabsorption and photoionization
processes. They are generally only important in dense optically thick plasmas [15]. The
only input parameters for the simulation are the initial cold plasma electron and ion
temperatures and densities.

In the simulations of the OFI x-ray laser experiment a three component plasma is
assumed to be produced immediately after the OF1 pulse passes through the medium. It
~ and
+ cold electrons, and twice as many hot
consists of an equal number of cold ~ i ions
electrons (produced by the OFI process) than cold electrons. This is due to the removal
of two extra electrons by the OFI process. The actual number of OFI electrons was
irrelevant to the simulation since they were collisionally isolated from the other plasma
components for the short time duration over which gain occurs (few psecs). Implicit is
the assumption that the initial cold Li' plasma had not recombined after the 700 nsec
delay before the OF1 pulse was initiated. According to hydrodynamic simulations, and
also to the value of the electron temperature obtained for the cold electrons, this
assumption is realistic.

In the analysis of the recombining plasma following the OFI pulse, it is assumed that
negligible plasma expansion and temperature change occur during the duration of the gain

which is not unreasonable for a 10-15 psec gain duration. One must also consider the
possibility that the cold electrons could be heated by the hot electrons. If one assumes the
hot electrons are left at approximately 30-40 eV [4] then the equilibration time between
the hot electrons and the cold,electrons is given by[16],

where in A is the Coulomb logarithm and T1and Tz are the temperatures of the two
species in degrees Kelvin. Assuming 30 eV and 1 eV electron temperatures t,is of the
order of 10 psec for mid 10" cm-3 electron densities. Cold electrons would also be
subject to cooling via collisions with other cold plasma electrons with corresponding
collision times of less than a psec. Based solely upon these competing processes and the
fact that the thermalizing interactions between the hot and cold electrons require multiple
collisions it is believed that significant heating of the cold electrons does not occur on
these time scales.
The information obtained in the simulation included time dependent populations of
+ gain on the Lyman a and
the first 20 levels of ~ i for~ which

fi transitions could be

calculated as a function of the cold electron temperature and density. Figure 3.2
illustrates the dependence of the peak gain (calculated by Equation 3.10) on the cold
electron density for values of 20 cm-' for the 13.5 nm Lyman a transition. This is the
value of the gain reported by Nagata, et al. In order for such a gain to be achieved the

cold electron density must be in the range of 2x10'~ cm-3 with a corresponding
temperature less than 1 eV. Also shown in Figure 3.2 is a bracketing of gain values for
the 3-1 11.4 nm transition. Gain on this transition was suggested in Ref. [I], and it is
estimated based on the data therein to be around 6 cm". Hence values of 5 cm-' and 7
cm-' are shown as lower and upper bounds, respectively. The simulations suggest that the
gains observed are consistent with the measured plasma conditions reported in Ref. [I].

Cold electron temperature (eV)

Figure 3.2 Dependence of the peak gain on the 2-1 and 3-1 transitions in H-like Li as a
function of electron temperature and density.

Figure 3.3 shows the gain versus time for the 2-1 and 3-1 transitions for an electron
temperature of 0.78 eV and electron density of 2.9~10'' ~ m - The
~ . duration of the gains
shown is approximately 12 and 13 psec. Due to the traveling wave excitation of the
medium the gain duration for the entire plasma length would last approximately 7 psec
longer than that indicated in Figure 3.3, thus approximately 19 psec for the 2-1 transition.
This gain duration is within that measured and reported by Midorikawa, et al. [17]. The
gain on the 2-1 transition at 13.5 nm can be seen to have a very rapid decay followed
immediately by a very strong absorption which results from the decrease in the cold
electron density as a result of recombination. The strong absorption that occurs after the
gain terminates would reduce the observed emission at 13.5 nm by at least one to two
orders of magnitude for a 2 mm long plasma. Thus it is also believed that the integrated
intensity measurements of Ref. [I] most likely consist of emission only when gain is
present in the plasma.
The reduction in the cold electron density reduces the recombination rate out of the
~ i ion~ ground
+
state at later times causing the gain to revert to loss. In other words the
gain is self-terminating due to the recombination process as discussed in Section 2.2. It is
calculated that the initial recombination rate out of the ~ i "ground state is 50% greater
than the radiative decay rate on the 2-1 transition, however during the first 10 psec this
rate reduces by a factor of three due to recombination.

In addition to the high

recombination rates due to the cold electron temperature, the reduction in the cold
electron density due to recombination also has a strong effect on the gain magnitude and
duration.

Time (psec)

Figure 3.3 Peak gain vs. time for the 2-1 and 3-1 transitions at 0.8 eV and 2.9~10"

In the plasma model, extremely large gains are also suggested at higher electron
densities, however it is not likely that such large gains could be effectively used under
realistic conditions since stimulated emission in other directions than that of the desired
gain axis could deplete the population before an amplified beam could pass through the
medium in the long axis direction. In addition, refractive effects within the plasma might
effect the propagation of the pump or OFI pulse.

In order to investigate the expansion of the initial Li+ plasma a simulation was run
using the 1-D hydrodynamic code MEDUSA [l 81. These simulations were done under
the conditions for the laser driver reported in Ref. [I] that initiated the Li' plasma. Our
results yielded electron densities an -order of magnitude higher than those suggested by
experiment or by the recombination calculations. Also the temperatures predicted by

MEDUSA were slightly lower than the 0.7-0.85 eV that was calculated. The former
might be explained by the 1-D nature of the code not accounting for the 2-D expansion.
The latter could be due to slight heating of the initial ~ i plasma
+
by the OFI pulse. It
could also be attributed to the beginning of the thermalization process between the cold
and hot electrons.
The consistency of the gain results and plasma conditions with the experimental
results of Ref. [I] support the assumption of the two-electron component plasma
comprised of cold electrons from the initial plasma and hot OFI-produced electrons. The
cold electron temperatures around 0.8 eV and the initial cold electron density of 2.9x1017
predict the measured gain quite well. Hydrodynamic simulations suggest that the
cold electron temperature is not unreasonable.
The short gain duration shown in Figure 3.3 limits the maximum gain length that can
be achieved to about 4 mm due to the transit time of the amplified pulse as it passes along
the gain axis of the system, unless traveling wave excitation is used to produce the gain
medium. In the case of Ref. [I] a form of traveling wave excitation was used, however
the gain lengths were shorter than the maximum possible value suggested by the gain
duration, so this length effect would not have been applicable for that system. In

*

addition, slight temperature increases at various locations along the plasma length could
also significantly shorten the maximum effective gain length by causing portions of the
plasma to prematurely develop significant absorption.
-----

--

3.3.1 Limitations of the collisional-radiative model

It should be noted that the model developed here did not account for recombination
heating and is therefore limited. This effect is due to kinetic energy transfer to the
electron "bath" caused by the recombination and collisional decay imparting excess
energy to the "third body" electron. This effect can be quite significant for rapidly
cooling plasma with high recombination rates. In attempt was made to incorporate
heating into the model, but it was quickly found that the system was heating very rapidly
even though artificial conduction models were incorporated.

These models were

essentially basic Spitzer [19] conductivity but with flux limiters [20] set to account for
more realistic thermal conduction. Therefore the model and its application to the Li OFI
laser should only be considered as a "first order" calculation that gain can occur in such
systems given the implicit assumptions made herein.

In future calculations this system must be handled in a more complex and selfconsistent manner. This is beyond the scope and intent of the model described here. In
essence, one must track the electron energy distribution directly and account for the effect
of recombination heating. Some sophisticated models are capable of this and have shown

similar results as was obtained with the simpler Maxwellian distribution collisional
radiative model [20].

CHAPTER 4
__.-

-

EXPERIMENTAL'ARRANGEMENTS AND PROCEDURES

4.1 Introduction

The experimental investigations undertaken in this work all involve operation and
characterization of a capillary discharge driven x-ray laser.

Specifically this laser

operates in Ne-like Ar at 46.9 nm via electron collisional excitation as discussed in
Section 2.3.2. This chapter describes the experimental arrangements and instrumentation
for the use and characterization of the capillary discharge device and is organized into
four main sections. The first section is the design and development of the capillary
discharge device. The device contains subsystems that are crucial to its operation and
they will be described in detail. The second section describes experiments to trigger the
device with low-timing jitter for the purpose of accurate timing synchronization with
external experiments. These experiments were motivated by the fact that an x-ray laser of
this type may have to be synchronized to another event such as is common with many
laser based experiments. The third section involves the spectral characterization in the

E W . It describes the spectrometer system used to record wavelength data and identify
the laser emission at 46.9 nm. The fourth section describes the optical layout and

operation of the interferometer to measure the spatial and temporal evolution of the
electron density in the capillary discharge plasma under lasing conditions.

4.2 Develo~mentof an electrically ~ u r n ~ capillarv
ed
discharge x-rav/EUV laser am~lifier

4.2.1 Capillary discharge devices-past

and present

The capillary discharge is not a new device in the sense of its use for generating short
wavelength light. In its most basic form it is a small diameter tube constructed of
insulating material with electrodes on each end. Figure 4.1 illustrates this basic concept
of the capillary discharge. The inside of the capillary may be evacuated or filled with gas.

An electrical breakdown is initiated by applying a high-voltage pulse across the
electrodes. In the case of the evacuated capillary, surface flashover on the walls creates a
vapor composed of ablated wall material. With sufficient current density an ionized
plasma is formed that readily radiates in the EUV and soft x-ray regions through
spontaneous recombination radiation. Likewise a gas may be injected into the capillary
and then the radiation may originate from ionized gas species as well.

Electrodes

+\
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Figure 4.1 Basic illustration of a capillary discharge.

As early as 1967 a capillary discharge was constructed by Bogen, et al.[l] which
consisted of a 2 cm long polyethylene insulator with a 2 mm bore. It was excited by 1540 kV electrical pulses and produced soft x-ray radiation originating from highly ionized
carbon. Since these first capillary discharges there have been many investigations into
the properties and capabilities, but mainly for generating incoherent radiation. It has been
only recently that capillary discharges were seriously investigated for the purpose of
generating coherent laser emission. The first experiments involving the search for short
wavelength amplification in capillaries was carried out by Marconi and Rocca [2] where
they investigated a possible recombination pumped laser at 78.9 nm in Li.
The first successful electrically pumped capillary discharge x-ray laser was
demonstrated by Rocca, et al. [3] in 1994 where they reported a significant gain length
product (gL)of 7.2 in Ne-like Ar at 46.9 nm using the collisional excitation pumping
scheme. This device consists primarily of a high voltage generator which excites a
plasma column of preionized argon in a capillary with a very fast current pulse. An
extremely uniform channel, free from longitudinal irregularities, is created for which

amplification can be achieved. This demonstration opened a new era in the field of
compact and robust .coherent x-ray lasers for small scale laboratory type experiments and
applications. The next section will describe in detail the development of a similar system
for the general purpose of advancing the possibilities of such devices and more
specifically to gain a better understanding of their operation. The system is also
specialized in that it was directly suited to diagnostic studies such as interferometric
probing experiments.

4.2.2 The capillary discharge x-ray amplifier

The capillary discharge amplifier can be described in terms of three main subsystems
shown in the diagram of Figure 4.2. The first subsystem is the primary electrical driver or
high voltage generator. ,This driver is a large, slow pulsed power type device that is
capable of delivering many hundreds of joules of energy to the secondary circuit. The
primary electrical driver is capable of producing multi-hundred kilovolt voltages. The
secondary circuit is a very fast, low inductance circuit that is pulse charged by the primary
electrical driver and is the critical system responsible for producing the current pulse to
drive the capillary plasma. The third subsystem includes the capillary along with the
preionization circuit which initially produces a pre-formed plasma before the main
current pulse is initiated. The design and integration of these subsystems determines the
operating specifications of the device. The ultimate goal of the device is the generation

of fast, high peak current pulses to create the plasma conditions necessary to achieve
amplification. Each of the subsystems will now be treated in detail.
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Figure 4.2 Subsystem diagram of the capillary discharge amplifier.

The primary electrical driver shown in Figure 4.2 is a 4 stage Marx bank type voltage
generator. The Marx bank used here was originally part of a commercial transversely
excited gas laser [4]. A schematic representation of the Marx bank generator is shown in
Figure 4.3. It consists of 4 capacitors which are charged in parallel and then switched in
series by spark gap type switches. Each capacitor is charged in parallel through a resistor
network by a DC high voltage power supply to a value in the range of 60-75kV. The
mark bank is fired by initially triggering the first gap with a small breakdown arc. This
causes the second stage to become overvolted and the second spark gap breaks down.
This process continues until all the spark gaps in the four stages have fired. When the
Marx exists in this condition all the capacitors are in series and the output voltage of the

Marx bank is the sum of each individual stage voltage. The output voltage is the
approximately 240-300 kV depending on the initial charge of the individual capacitors.

Switch

Figure 4.3 Schematic diagram of the Marx bank system to produce high voltage charging
pulses.

The secondary circuit in Figure 4.2 is a low inductance circuit which discharges a
capacitor into the capillary to generate a fast current pulse and create the plasma. It is
charged by the primary electrical driver. This circuit subsystem is critical to achieving
the desired fast rise time current pulses which are necessary to create the plasma
conditions for lasing as described in Section 2.4. The secondary circuit is best described

by considering the following: 1) how the circuit is charged by the Marx bank, 2) how it
produces the current pulses that drives the capillary plasma, and 3) how the circuit is
arranged physically to achieve the extremely low inductance. These three topics are
treated next.

1) Charging of the secondary circuit

The output of the Marx bank is connected to the secondary capillary driver circuit by

an inductor which allows the energy of the slower Marx system to be transferred and
stored for a short period of time. This is a type of pulse charging that will be shown to
slightly increase the amount of current that can ultimately be generated in the capillary for
a given Marx bank voltage capability.
The circuit shown in Figure 4.4 is a simplified schematic where the Marx bank is

replaced by a single capacitor CI and charged to initial voltage Vo. This capacitor is
connected to the secondary circuit capacitor C2 (the one that discharges into the capillary
to be discussed below) through the inductor L. The current is controlled by the switch
which is a simplified representation of the combined four spark gaps in the Marx bank. If
the circuit is open at first and then the switch is suddenly closed (i.e. the spark gaps fire)
current flows and charge is transferred to C2which is defined to have a voltage drop V2.

Marx Bank
equivalent
capacitor

Secondary circuit
storage capacitor

Figure 4.4 Circuit used to describe charging of the secondary circuit by the Marx bank
system.

The voltage on C2 can be found by analysis of the basic circuit in Figure 4.4 and is
given by,

where o = Jc, + C, /C,C2L . Equation 4.1 shows that the voltage varies from 0 to

-2V, (c,/(c,+ C2)) and is a direct consequence of the oscillation of charge between the
two capacitors. Most importantly if C2<<CI the output voltage can reach as much as
twice the initial voltage. This voltage gain is directly tied to the amount of current that
can be generated in the capillary. In actual practice there are other factors associated with
the circuit such as stray capacitance and inductance, all of which can be significant for
high voltage systems. Therefore the actual voltage gain will most likely be somewhat less
than predicted by the simple case of Equation 4.1.

The equivalent capacitance of the Marx used in the experiments was 7.5 nF. C2had a
value of approximately 2 nF and therefore an estimated maximum voltage gain of 1.6 is
calculated from Equation 4.1. This calculation was found to be reasonable with
measurements of the voltage on C2--usinga capacitive voltage divider. The charging
inductor was a large solenoid coil composed of heavy gauge wire and had a measured
value of about 13 pH. Using this value of L the voltage on C2 can be calculated by
Equation 4.1. Figure 4.5 shows the voltage as a function of time given by Equation 4.1
Also shown on this figure is the corresponding voltage on the Marx bank equivalent
capacitor CI. Thus it can be seen that the peak voltage on C2occurs at about 500 ns.

Time (sec)
Figure 4.5 Voltage waveforms on the capacitors C1and C2used to describe the pulse
charging in the equivalent circuit analysis.

2) Current pulse generating circuit
A schematic diagram of the secondary circuit is shown in Fig 4.6. It consists of the

storage capacitor (C2)which is charged by the Marx bank through the in ' ictor mentioned
previously. The capacitor is discharged through the capillary by controlling the selfbreakdown voltage of a spark gap switch pressurized with SFa. The inductance of the
circuit is represented by

and is the cumulative inductance due to the circuit elements as

well as any stray inductance. Likewise the resistance R is that due to the circuit elements,
including the spark gap and capillary.
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Figure 4.6 Schematic diagram of the current pulse generating circuit in the capillary
discharge.
The current generated in the capillary can be found by analysis of the circuit shown in
Figure 4.6 and is described by the RLC circuit equation,

where I is the current and the other quantities are as defined above. It is assumed that at
t=O the capacitor C2 is charged to some value Vo (as described above) and the spark gap
switch is open. Current begins to--flowin the capillary as soon as the switch closes, i.e.
when the spark gap fires. The general solution to Equation4.2 under these conditions is
given by,

where 6 = J ( R / ~ L , )-~(1/4c2) .
The quantities R, Lz and C2 determine the actual behavior of the current. In the case
) ~ quantity under the square root becomes negative and 6 is
that 1 / 4 c 2 > ( ~ 1 2 4 the
imaginary. Thus 6 can be rewritten as io with o = J(l/k
C, ) - (R/2&)

. Equation 4.3

becomes a damped oscillator given by,

The inductance Lz is approximately 100 nH in the special low inductance arrangement
of the capacitor and capillary discussed below. The resistance R is generally very low
once the capillary has broken over and can be estimated using the Spitzer resistivity [S] of

the plasma at about 1 ohm. With these values l / & ~ > >( ~ 1 2 4 )and
~ therefore

a =4

It is readily seen that the peak current is given b y v , , / m

and the

oscillation period is therefore 2 7 ~ 4 v .Figure 4.7 shows the current waveform as
__.

predicted by Equation 4.25 under weak damping conditions. Note that the peak current is
proportional to Vc and hence the voltage gain due to the pulse charging aids in the
maximum current that may be generated.

Time

Figure 4.7 Current waveform in the capillary discharge as predicted by the RLC circuit
analysis.

3) Low inductance discharge design

In order to achieve the lowest inductance possible for the secondary circuit the
capacitor C2, the main SF6 switch,--andthe capillary channel were arranged coaxially.
This was accomplished by designing C2 as a circular parallel plate capacitor with an
integrated spark gap SF6switch at the center and the capillary in line and coaxial with the
capacitor as illustrated in Figure 4.8. The parallel plate was immersed in dielectric fluid
(ethylene glycol) to raise the capacitance and thus provide greater charge storage
capability. The dielectric fluid also provided high voltage insulation for the plate itself
and other components housed in the tank. The current path is also shown in Figure 4.8.
The inductance for this system can be approximated by that for a coaxial line or,

where t is the capillary length, b is the outside radius for the current and a is the plasma
radius. By keeping the outside radius of the path as close to the inside the ratio bla
becomes close to unity and the inductance is minimized.

Liquid dielectric capacitor tank

Figure 4.8 Schematic diagram of the low inductance coaxial arranged capillary discharge
system. Current path is indicated by the arrows.

With this design the current pulse produced in the capillary had a rise time of
approximately 20 ns and a half cycle time of around 54 ns depending on the length of the
capillary used. Peak currents on the order of 40 kA could be generated. A typical current
pulse generated by the discharge device is shown in Figure 4.9.

Time (ns)

Figure 4.9 Typical experimental current pulse generated in the capillary discharge.

The third subsystem of Figure 4.2 consists of the capillary and preionization circyi'
Capillaries were constructed of acetal which is an inexpensive plastic that can be easily
fabricated into complex shapes. The capillaries had bore diameters of 3 and 4 rnm with
variable lengths up to 10 cm. The actual design of the capillary was mandated by the
necessity to control breakdown paths other than the desired path through the capillary.
The preionizer circuit produces a long duration current pulse of a few pecs (as
compared to the -50 ns main heating current pulse) directly before the main current
pulse. This prepulse breaks down the capillary thus providing a pre-formed plasma. The
preionizer source of voltage is the second stage of the Marx bank which is coupled to the

RC circuit shown in Figure 4.10. This circuit is directly connected to two current limiting
resistors and then to the capillary electrode as indicated in Figure 4.10.

Current limiting resistors

Bank

Figure 4.10 Schematic diagram of the preionizer circuit.

The foregoing discussion has described the circuit configurations that generate the
current pulse in the capillary, but has not mentioned the actual integrated physical layout
of the source. Figure 4.1 1 shows the overall layout of the Marx bank and the secondary
circuit consisting of the liquid parallel plate capacitor. As shown in this figure the Marx
bank forms the base of the device with the spark tube arrange vertically and the capacitor
forming each stage oriented horizontally with respect to each spark gap of the Marx. The
liquid dielectric capacitor tank is directly above the Marx and connected via a high
voltage feed through to the charging inductor. As previously discussed, at the center of
the parallel plate capacitor is the main SFa spark gap switch. Also arranged at the center
of the capacitor and in line with the spark gap electrodes is the capillary housing which
contains the capillary. The main diagnostic on the device is the Rogowski coil which
monitors the current pulse. The output of the coil is sent to an oscilloscope terminated to

50 ohm and displays the real time waveform of the current as it oscillates in the capillary
(see Figure 4.9).
The discharge is operated via a main control unit which provides the initial setting of
the Marx bank and its subsequent-triggering.. The Marx bank is set to fire by first
adjusting the air pressure inside the main spark tube. The air pressure in the Marx tube
acts in the same manner as the SF6 switch used to fire the secondary circuit. Once this
pressure is set, a variac regulates the DC charging of all the Marx stages in parallel.
When the desired main charge level is reached the Marx is live and can be fired. The
firing of the Marx bank is accomplished through a TTL level trigger signal that is sent to
an amplifying circuit which in turn triggers a small arc in the center of the first spark gap
of the first stage. The stages of the Marx then fire in succession producing the high
voltage output. This output then charges the secondary circuit as described earlier. Now
the main SF6 spark gap holds off the -300 kV until the pressure dependent selfbreakdown voltage is reached. The preionizer discharges into the capillary prior to the
main switch self breakdown since it is tied to the second stage of the Marx directly.

bank

I
Trigger
Figure 4.1 1 Diagram of the capillary discharge primary subsystems consisting of the
Marx bank driver and the low inductance ca~illarycircuit.
The capillary discharge system constructed here could operate with two spark gap
configurations. Figure 4.1 1 shows a solid electrode design for the spark gap that obscures
the back of the capillary (i.e. radiation is blocked from exiting or entering). Most
discharges operate in this manner and this configuration was used for early experiments
to be discussed in Section 4.3.1. However this configuration would prevent propagation
of a diagnostic probe laser beam like that used for interferometry. Therefore the system
was modified to an "open geometry" configuration that consisted of a toroidal shaped
spark gap allowing access to the gain region of the capillary.

The "open geometry" design is shown in Figure 4.12 indicating the open beam path
through the capillary. An added complexity to this design is the rear tube which extends
from the high voltage side of the parallel plate capacitor to the rear of the glycol tank
itself. Much work went into the design and construction of a suitable config-:ation that
would contain the high voltage and prevent "reverse breakdown" of the discharge. At
first there was a tendency for a breakdown path to occur either on the inside of the
vacuum tube or on the outside. The problem with the inside of the tube was solved by
tom and proper placement of o-rings on the part of
proper vacuum pressure below 1 x 1 0 ~
the tube that penetrates the spark gap electrodes (see Figure 4.12). The underlying cause
of the breakdown path on the inside was due to plasma blow-by of the o-rings which
caused ionization of the residual gas and thus produced a conducting path. The outside of
the vacuum tube presented another problem in that improper placement of the SF6 o-ring
seal allowed for ambient air to come in to close proximity with the high voltage plate. It
was found that moving the o-ring back and allowing SFs to fill the interstitial space (as
shown in Figure 4.12) stopped this breakdown path.
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Figure 4.12 Diagram of the open-geometry capillary discharge amplifier.

This section has dealt with the design and development of the capillary discharge
amplifier. The experiments discussed in the next sections were carried out over the
course of the development of the amplifier. As experiments progressed refinements were
made to the device. The reason behind this mainly rests with the reliability of such a
device. The fact that hundreds of kilovolts and tens of kiloamperes were constantly being
discharge through the electrical components, electrodes and capillaries led to degradation.
Also the insulating dielectrics had to withstand the voltages that stressed the electro-

mechanical properties of these materials to the limits. In many instances there were
catastrophic breakdowns and failures that had to be repaired and often modified. With
this in mind it will be mentioned in discussing the experiments the slight differences in
the configuration of the discharge-foreach experiment. This is in addition to the specific
arrangements used to accomplish the experiments.

4.3 Experiments and diagnostic instrumentation

The following three sections describe the experimental arrangements and
instrumentation used to characterize the capillary discharge. Results and analysis will be
given in Chapter 5.

4.3.1 Laser triggering of the capillary discharge

A series of experiments were conducted with the capillary discharge device to
determine the feasibility of very high resolution low timing jitter triggering. This was
done in an effort to determine if sub nanosecond jitter could be realized in such a device.
Previous work on low-jitter triggering of a high voltage switch by Woodworth, et al. [6]
provided motivation that triggering of the capillary discharge may be possible under
similar conditions. They conducted experiments where a spark gap switch pressurized

with SF6 was triggered with a Nd:YAG laser operating at 1064 nm and 266 nm. The
operating voltage of the switch was 500 kV and therefore was of the same order of
magnitude as the voltages used in the capillary discharge here.
The experimental arrangement .used to measure jitter in the laser-triggered capillary
discharge is shown in Figure 4.13. A Nd:YAG laser was used to provide the triggering of
the main SF6 spark gap switch by focusing the laser with a 190 mrn lens into the center of
the gap between the two electrodes. The discharge for these experiments utilized a main
spark gap with two hemispherical solid electrodes instead of the toroidal shaped system
as described earlier. The electrode spacing was 1.3 cm. The laser entered the spark gap
housing through a quartz window port as shown in Figure 4.10.
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Figure 4.13 Experimental arrangement for laser-triggering studies of the capillary
discharge.

The discharge used in these experiments also did not incorporate preionization and
the capillary was 3.5 cm long and made from acetal with a 3 mm bore. The capillary was
also evacuated to approximately lo4 ton:
The laser was synchronized to-fireat the peak of the charge voltage on the dielectric
capacitor. The peak of the charge voltage is dictated by the charging time constant of the
inductor system described earlier. The peak occurs around 500-700 ns. The firing of the
Marx bank (to charge the secondary circuit) and laser was controlled by a digital delay
generator. Due to the sensitive nature of the timing electronics to electrical noise the
discharge was enclosed in a Faraday cage. This shielded the external environment from
the radio-frequency electromagnetic interference (EMI)generated by the firing of the
multiple spark gaps in the discharge.

4.3.2 X-ray spectral diagnostic instrumentation

A significant portion of the experimental work done with the capillary discharge

device involved spectral characterization. This was done by recording the radiation
emitted from the device with a spectrometer that covers the wavelength range 35-60 nm
which encompasses the laser emission in Ne-like Ar at 46.9 nm. Having a broad range of
wavelength coverage is useful in determining the characteristics of the plasma. This is
due to the fact that spectral line emission originates from bound transitions of the
different ionic species present in the plasma. The abundance or absence of spectral lines

from different ionic species of the same element gives information about the 101 :ation
balance or relative population of the different ion stages that exist in the plasma. Hence
spectral data provides valuable diagnostic information about the conditions of the plasma.

In order to record EUV and soft-Fray spectra the capillary discharge amplifier was
connected to a vacuum system that allowed for the propagation of the radiatirz. The
layout of the vacuum system and spectrometer is shown in Figure 4.14. The most critical
aspect of the vacuum system is the fact that relatively high vacuum must be maintained
outside of the capillary region while pressurized gas exists in the capillary. This sets up
the condition known as differential pumping. Under normal operation, the capillary was
filled with a few hundred mtorr of Ar gas but the pressure outside of the capillary was
kept in the low lo4 torr range to prevent significant absorption of the light. In order to
provide a differential pumping barrier, but still couple out radiation, a small pinhole about
1.5 mm in diameter and a few mm long was used at the end of the capillary. This small
pinhole has a low conductance for gas flow and hence restricts the leakage into the high
vacuum side.

Figure 4.14 shows the three turbo pumps used to accomplish the

differential pumping. The pressure inside the capillary was monitored with a capacitance
manometer gauge.

The spectrometer used to record wavelength data is an instrument that was developed
in the early 1980's by researchers at Lawrence Livermore National Laboratory [7]. It is
known as a microchannel plate intensified grazing incidence spectrograph (MCPIGS) and
is fundamentally a 1 m radius Rowland circle type mounting of a grazing incidence
grating for dispersing E W and soft x-ray radiation. Figure 4.15 shows a simplified
diagram of the imaging properties of this type of spectrometer. The source radiation is
incident at 2" onto a 600 l/mm grating and the diffracted light is focused onto the curved
focal plane. At the focal plane is a special curved micro-channel plate detector. This
detector is a high gain device that converts incoming photons to electrons through
photoelectric emission. Its gain properties are due to the secondary emission of electrons
in the small capillaries and is proportional to accelerating voltages applied to the plate.
The electron emission then strikes a phosphor coated onto a fiber optic plate which serves

as the output coupler of the radiation from the vacuum environment. The phosphor
emission is recorded by normal technical grade film (TMAX 3200). The full spectral
range of the instrument using the 600 l/mm grating is approximately 3-75 nm, however
for these experiments a smaller MCP was used which limited the range to 35-60 nm.
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Figure 4.15 Schematic diagram of the MCPIGS spectrometer.

The MCPIGS was placed on axis to view the radiation from the capillary discharge.
The instrument has an integrated 3 m radius, spherical gold coated collecting minor in
front of the slit to increase the radiation throughput capability. The mirror was adjusted
such that the capillary exit aperture was imaged onto the entrance slit of the spectrometer.
MCPIGS also has an integrated alignment HeNe laser which allows for precise alignment
of the spectrometer to the source radiation. The instrument is mounted on a kinematic
type mount connected to a vacuum bellows and alignment with the aid of the HeNe can
be readily done while the entire system is under vacuum.
All spectra taken with MCPIGS for this work was time integrated. The pulsing
circuit used to drive the MCP was specially designed for MCPIGS, but was not capable

of producing very short 5-10 ns pulses to accomplish true time -. d data collection.
'

However, since the main interest is in the emission from the current pulse first half cycle
(i.e., the first pinch as described in Section 2.4) the gate pulse was shut off at
approximately the end of the first half cycle to at least discriminate from the remaining
radiation from the plasma. The magnitude of the voltage pulse could also be continuously
adjusted from 0 to -1000 V with the pulsing circuit. This allowed the gain on the MCP to
be regulated and thereby controlled the intensity of the exposed spectra on the recording
film.

4.3.3 Interferometric diagnostic instrumentation

The basic theory of optical interferometry for measuring the refractive index of a
plasma and hence the electron density was given in Section 2.5. In this section the
experimental set-up of the Mach-Zehnder interferometer used in this work will be
described. The two main parts of the interferometer are the illumination laser system and
the optical component layout including the detection system to record the interferograrns.
One of the major considerations in diagnostic optical interferometry on the pinched
plasmas generated with the capillary discharge amplifier is the plasma motion due to the
dynamic compression. Thus, the light that illuminates the interferometer must be of short
enough duration to capture and freeze the motion at a given point in the evolution of the
plasma. Since the timescales for the plasma here are on the order of the current pulse or

-50 ns it is clear that a probe pulse must be less than 1 ns to provide good temporal
resolution. A probe pulse longer than this would cause time integration effects so as not
to give an instantaneous interferometric image of the plasma. In any event, this would
lead to detrimental spatial blurring of the interference pattern generated by the
interferometer.
A short pulse probe was provided by a Ti:Sapphire mode-locked laser system with
Cr:LISAF amplifiers [8]. This laser system is capable of producing sub ps duration
pulses at wavelengths around 850 nm. For the purposes discussed in section 2.5.2 the
fundamental wavelength was doubled to 422 nm using a KDP crystal. The specifics on
the laser system and the measured laser pulse duration and spectrum are given in
Appendix A.
The output of the short pulse laser was sent to the Mach-Zehnder interferometer
arrangement shown in Figure 4.1 6. The first beamsplitter (BS 1) separates the probe pulse
into the two arms of the interferometer as indicated in the figure. The light is recombined
at the second beamsplitter (BS2). The capillary discharge is placed in the test arm. The
reference arm contains glass windows that compensate for the additional path length
introduced in the test arm due to the necessary windows on the discharge.

The

beamsplitter and mirror layout is an elongated rectangle and the optics were mounted on a
custom constructed square aluminum frame with a side length of 1.7 m. This frame was
vibrationally isolated form the floor with air isolation legs. The frame itself locked the
optics in a rigid stable platform. The CCD camera was used to record the interference
patterns generated by the discharge plasma and the lens imaged the capillary onto the

CCD with approximately 4X magnification. A 425 nm narrow band interference filter
was used to block extraneous visible light emission from the plasma and yet still transmit
the probe laser light.

BS 1

Compensating optics

Mirror 1

Lens

Mirror

Figure 4.16 Diagram of the arrangement of the Mach-Zehnder interferometer with the
capillary discharge to be probed in the test arm.

The initial static alignment of the interferometer was accomplished by precision
mounting of the optical components on the pre-machined A1 frame. This allowed the two
beam paths to be equal to near standard machining tolerances of about S O p.After the
initial mounting of the optics, rough optical alignment was routinely performed with a

CW diode laser. In most cases interference fringes were observable without any further

adjustment of the optical path. The C W laser allowed for the continuos observation of
the interference fringes so that the fringe orientation and spacing could be set using the
tilt of BS2. Normally adjustment was made with BS2 such that 18-20 fringes were
visible across the magnified image of-the capillary bore. The orientation was also set to
be vertical on the CCD.
At the start of each experimental run a final alignment was done with the short pulse
laser firing at a 6 Hz repetition rate. The fringe visibility was maximized by fine
translational adjustment of M2 which changed the length of the test arm slightly. The
fringe spacing and orientation held closely to that set with the diode laser and rarely
needed adjustment.
The firing of the discharge and arrival of the laser probe pulse had to be synchronized
in order to record an interference pattern. This was accomplished by a control and timing
circuit that would fire the discharge and then the laser so that a laser pulse arrived at the
interferometer some time during the current drive pulse. There existed a total jitter on the
order of a few ns in both the laser and discharge firing. Interference images were
obtained at different times during the current pulse by adjusting the timing control and
also using the jitter as statistical sampling.
The entire experimental set-up for the interferometry actually encompassed multiple
laboratories and an aerial view is shown in Figure 4.17. The probe laser was brought in
from a lab adjacent to where the discharge and interferometer was located. The RF
shielded room was the main control and instrumentation center for the experiment. This
room contained the timing circuits, CCD camera and other diagnostics in order to

eliminate EM1 influence. Fiber optic control lines to fire the laser were also used as a
noise immunity precaution.
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Figure 4.17 Aerial view of the locations of the laser system, interferometer, capillary
discharge, and RF shielded room.

CHAPTER 5

EXPERTMENTAL RESULTS AND ANALYSIS

5.1 Introduction

The previous chapter described in detail the operation of the capillary discharge
device and the experimental arrangements used to investigate its characteristics. In this
chapter results of the experiments will be given along with comprehensive analysis of the
underlying plasma dynamics where necessary. The organization of each of the following
sections is first to motivate the experimental results in terms of prior research of
relevance, then provide results followed by discussion. Following the order of Chapter 4,
the first section gives results of the laser triggering experiments that were done early in
the development of the capillary discharge device. The next section shows the results of
the spectral characterization of the discharge to diagnose emission of the laser radiation at
46.9 nm in Ne-like Ar. Finally, the last section describes the results of the spatially and
temporally resolved interferometric measurements of the electron density in the plasma
under conditions which produce gain in the Ne-like Ar amplifier. This section includes
discussion of the method to extract the electron density using computer simulated
interferometric images.

5.2 Laser triggering of the capillary discharge

--.---5.2.1 Overview and Results

Many experiments involving lasers require timing control between the laser pulse and
another event. In many cases synchronization of the laser pulse with this event must be
highly accurate and inherent jitter could cause the experiment to fail or have such poor
statistics as to be nearly impossible to accomplish in a reasonable manner. This is the
general motivation behind examining high resolution triggering of the capillary discharge
device constructed here. Since the discharge device can operate as a laser it would be an
advantage to be able to precisely control the triggering of the laser output when the laser
is used in experiments.
High-resolution low-jitter triggering would be especially useful in experiments such

as seeding the x-ray laser amplifier with an injected signal. In this experiment the seed
signal would have to be carefully timed to overlap with the gain of the amplifier. This
type of experiment was recently proposed using high-order harmonic radiation (see
Chapter 1) tuned to 46.9 nrn as the seed of the Ar amplifier [I]. Laser systems like that
described in Appendix A are usually required to produce high-order harmonic radiation.
These lasers require hundreds of nanoseconds in duration from an initial trigger to initiate
the output required to drive the harmonic pulse via the interaction with a gas target.

Rocca, et al. [2] showed that the output of the Ar laser at 46.9 nm from a 4 rnm diameter
polyacetal capillary occurs slightly after the peak of the current pulse at around 38 ns as
shown in Fig 2.1 1 and lasts only about 1 ns. The actual gain duration has been estimated
to be closer to 2 ns [2]. Therefore to accomplish a seed experiment the discharge would
necessarily have to be triggered after the harmonic drive laser is triggered due to the
slower harmonic driver laser system. This, coupled with the short gain duration of the Ar
laser, dictates that the timing resolution of the discharge should be on the order of 2 ns or
better in order to accomplish the experiment.
A timing jitter of less than 2 ns is generally quite difficult to achieve with

conventional electrical triggering of single electrical spark gaps even at low voltages.
Typical jitter utilizing special gas mixtures and electrode shapes may give as good as 1 ns
jitter, but on average and without special attention to the design of the gap, produces jitter
greater than 2 ns [3]. The 2 ns requirement, as discussed above, is further complicated by
the fact that the capillary discharge system here actually has six separate breakdowns
occurring in order to pump the laser and operates at many hundreds of kilovolts. It
includes the 4 spark gaps in the Marx bank, the main SF6 high voltage spark gap and the
capillary itself. These would all contribute to the cumulative jitter in the system if a
single electrical trigger started the entire process.
The work of Woodworth, et al. has already been mentioned and it provides the only
known experiments directly relevant to the concept of triggering the capillary discharge at
these voltages. Other experiments have investigated low-jitter laser triggering of spark
gaps with great success, but again were mainly for lower voltages [4]. The experiment by

Woodworth, et al., was also restricted to the case of triggering only one SF6 spark gap
switch with a laser. Once this switch broke down the current path was directly to ground.

In the case of the capillary discharge, laser triggering of the SF6 main switch still leaves
to statistical breakdown processes that might
the capillary to break down ,which.is.s~bject
increase the jitter. Nonetheless there existed enough evidence based on this earlier work
to attempt such an experiment.
The optical arrangement for the experiments done here was described in Section
4.3.1. Data was collected at two wavelengths 1064 nm and 266 nm. The delay time is the
time between peak of the laser pulse and the onset of the current measured via the
Rogowski coil (light and cable delay propagation were taken into account). The 10 jitter
is the standard deviation of the delay time measurements. The results of series of
experiments at both wavelengths are shown in Figure 5.1 (a) and (b).
For the 1064 nm wavelength runs an approximate laser intensity of 1x10" w/cm2
was used and the laser was focused at gap center. The x-axis is given in terms of the
percentage of the self-breakdown voltage in keeping with Woodworth, et al. To regulate
the percentage of self breakdown voltage the main charge voltage was reduced from a
maximum of 66 kV (minimum to cause self-breakdown) and the gap pressure was kept
constant at 45 PSI of SF6. As can be seen in Figure 5.l(a) the delay time is around 50 ns
for 89% self-breakdown and drops to 20 ns for 94% breakdown. Jitter in contrast
increased from around 5 ns to 20 ns for the same change in voltage.
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Figure 5.1 Laser triggering data curves for a)1064 nm and b) 266 nm.

In the case of 266 nm triggering shown in Figure 5.l(b) a laser intensity of 1x10'~
w/cm2 was used and the laser was again focused at the center of the gap. The spark gap
was operated at 60% and 80% of-sef-breakdownand there was a noticeable decrease in
the delay time to around 25 ns. The delay remained fairly constant at the two voltage
levels. Jitter was fairly low at around 2 ns for 60% and decreased only slightly at the
higher 80% level.

5.2.2 Discussion

These results clearly show the improvement of using ultraviolet laser triggering over
infrared in terms of reducing jitter. Likewise the delay time in when the switch fires and
the capillary current starts is reduced for lower operating voltages. This aids in reducing
the chance for misfires caused by self-breakdown. The results here, especially at 266 nm,
are fairly consistent with effects described by Woodworth, et al. They obtained subnanosecond jitter at 266 nm with their single 500 kV switch and attributed in part the
reduction in jitter over 1064 nm to the better efficiency of multiphoton ionization of SF6
in the UV. The same could be argued here in terms of the reduction in jitter with the W,
but one must also consider effects due to the additional breakdown of the capillary. This
may explain why sub-nanosecondjitter was not achieved here.

The results here also do not form a comprehensive parametric study of laser triggering
of capillary discharges. However it has been shown that fairly precise timing of the
plasma excitation with low jitter on the order of f1-2 ns is possible using W laser
triggering. This would provide -a-technique for carrying out difficult synchronization
requirements such as those for the seeding experiments discussed.

5.3 Spectral characterization of the capillary discharge amplifier

5.3.1 Time-integrated spectra

The intent of the spectral characterization experiments described in Section 4.3.2 was
to determine if emission exists at the lasing wavelength and also from neighboring ion
stages of Ar as would be expected if the plasma conditions were appropriate. No attempt
was made to measure the gain and optimize the output of this amplifier since exhaustive
investigations of this type had already been done by Rocca, et al. [5]. With this basis
established further diagnostic investigations could be completed.
The MCPIGS spectrometer used to record spectra was described in Section 4.3.2.
The spectrometer was calibrated in the 46-50 nm range by examining the spectra
produced by a carbon laser produced plasma. The carbon plasma was generated by
focusing a high energy Nd:YAG laser at the surface of a ~-1idgraphite target. The

emission from the plasma was characterized by many spectral lines originating from
multiple ion stages. Two lines in particular were observed at 49.2 nm and 49.9 nm
originating from doubly ionized carbon or CIII. These two lines were the principal lines
used to calibrate the instrument sincethey were also present in the capillary discharge
spectra and therefore provided an absolute reference for each spectral film shot. Recall
also from Section 4.3.2 that all spectra were recorded in the time integrated manner
described therein and time gated operation with narrow gate pulses was not possible. The
spectra were recorded on TMAX 3200 film and then digitized with a rnicrodensitometer.
Rocca, et al. [6] reported that the gain in Ne-like Ar at 46.9 nm peaks for Ar pressures
around 600-700 mtorr. Thus for the experiments here spectra was recorded at different
pressures to characterize the emission. Figure 5.2 shows the time integrated emission
from 46-48 nm for a 10 cm long capillary filled with a very low static pressure of 1 mtorr
of Ar. The peak current in the capillary was 36 kA. Three prominent spectral lines are
clearly observed at 46.4, 47.2 and 47.4 nm. Emission at 46.4 nm most likely originates
from a transition in ArV and that of 47.4 nm from ArIII. The line at 47.2 nm is uncertain
in that it either originates from a highly excited level transition in CV or may originate
from ArIV. The important feature to note here is the lack of emission lines in the region
from 46.5 to 47.1 nm.

Wavelength (nm)

Figure 5.2 Time-integrated emission for 1 mtorr Ar and 36 kA peak current.
Figure 5.3 shows the emission spectrum for 600 mtorr Ar and 36 kA peak current.
Clearly more structure exists here than that of the 1 mtorr spectrum. This spectrum
shows emission on the laser transition at 46.9 nm. There also exists other emission lines
which are believed to originate from S-like or Mg-like Ar.

Wavelength (nm)
Figure 5.3 Time-integrared emission for 600 mtorr Ar and 36 kA peak current.

Spectra was also obtained for pressures of 300 mtorr, 900 mtorr and 1 torr. Emission
was seen on the laser transition at 300 mtorr similar to 600 mtorr, but not at 900 mtorr.
This is fairly consistent with the pressure dependence reported by Rocca, et a1 [6].

5.3.2 Discussion

The results shown indicate emission at the laser wavelength. According to the
discussion in Section 2.3.2, gain must have existed on this transition if emission was

observed. That is, since the lifetime ratio is favorable and therefore a population
inversion would exist, the only processes which could reduce the gain would be
collisional mixing and radiation trapping. These were shown not to be a factor in this
case. In addition in interpreting the-the-integrated spectra, consil - ration must be made
for the short gain duration on the order of 1 ns as discussed in Section 2.4. Therefore by
time integrating over the current pulse (-50-100 ns) the extraneous spontaneous emission
could appear just as intense as the laser line if the gain on the line was weak. Gains
reported by Rocca, et al. [7] in early non-optimized experiments were approximately 0.6
cm-'. In the experiments done here the 36 kA peak current used was slightly less than the
optimum of 39 kA and this could also have lowered the gain. In fact experiments by
Tomasel, et al. [8]show that this lower current drops the output intensity of the laser by a
factor of 10. Considering these factors it is not unreasonable that the intensity of the
observed laser line was relatively weak and did not appear as the dominant line in the
overall spectrum including spontaneous emission.

5.4 Electron density measurements in the capillaw discharge amplifier

5.41 Background

-.

Diagnostics of the gain medium in lasers can provide very useful information and
subsequent understanding of the dynamics of the lasing action. The measurement of
electron density is especially useful in x-ray lasers since it is directly related to the
pumping efficiency as described in Section 2.3.2. The longitudinal pinched plasma as
done in the Ar capillary discharge amplifier is well suited for electron density
measurement through short pulse laser optical interferometry. This type of measurement
can provide high resolution temporal and spatial mapping of the electron density
specifically under lasing conditions in the discharge.
Large bore diameter (10 cm) pinch plasma devices have already been investigated
using the same general Mach-Zehnder interferometry to measure the electron density as
discussed in Section 2.5. Experiments conducted by Jahoda, et al. [9] examined the
electron density in a 8-pinch device using a pulsed ruby laser as the illuminator for the
interferometer. The experimental arrangement was very similar to that used here and
described in Section 4.5. However the pulse duration of the 0-pinch device was a few
pecs and they used a 0.1 p e c duration laser pulse. They recorded interferograms like
that shown in Figure 5.4. This interferogram was taken near the peak of the compression
and shows that the plasma has pinched to a small diameter in the center of the bore

center of the bore producing the ring structure of fringe shifts. Furthermore, ri:--

--

sizable fringe shifts are found outside of this pinched core, there exists no plasma in those
regions. This indicates most of the plasma has been swept into the pinched core due to
the compression. Analysis of the--Interferogramsthrough measurement of the induced
fringe shifts showed that electron densities at peak compression in this device were on the
order of 5x 1016cmw3.
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Figure 5.4 Interferogram from a theta-pinch device as recorded by Jahoda, et al. [9]
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5.4.2 Interferometry results

The early results of Jahoda, et aL, show.the utility of interferometry to diagnose the
electron density in a pinched plasma. The results to be shown here are the f m
interferometric measurements of the electron density in the Ne-like Ar capillary discharge
under conditions which produce gain. In addition, to this author's knowledge, it is the
first application of interferometric probing of capillary discharges in general.

The experimental arrangement to record interferograms was described in Section 4.5.
The operating conditions of the discharge were close to optimum condition for achieving
gain. The Ar pressure for all shots was 600 mtorr and the peak current was always
approximately 37-38 kA.

In order to mitigate possible absorption and refraction

problems due to the plasma as discussed in Section 2.5.2 a short capillary had to be used.

In addition, since the cumulative fringe shift is proportional to the length of the plasma,
this also contributed to the necessity for using a shorter capillary.

With these

considerations in mind a length of 0.75 cm was chosen as a best compromise.
The experiments were conducted in such a way as to map the evolution of the electron
density during the current pulse. Thus a sequence of interferograms was obtained at
various points along the first half cycle of the current pulse providing instantaneous
captured images of the plasma at different times. The first part of the current pulse was
explored in detail because lasing take place during the first compression of the plasma as
discussed in section 2.4. The sequence of interferograms obtained is shown in Figures
5.5(a) and 5.5(b). The first frame of Figure 5.5(a) is a reference interferogram with no
plasma present showing the characteristic straight parallel fringes generated by the MachZehnder interferometer. These are also known as vacuum fringes. Superimposed on the
reference interferogram is a boundary indicating the position of the capillary wall. The
remaining frames in Figure 5.5(a) and 5.5@) are interferograms with plasma present
showing distorted fringes at different times relative to the current pulse as indicated.
Each of these interferograms represents a different shot on the discharge. As a reference
to where in time the interferograms were obtained, Figure 5.6 shows a typical current

pulse with square symbols showing the points in time corresponding to the interferograms
of Figures 5.5(a) and 5.5(b).

t=5 1 ns
Figure 5.5(b) Sequence of interferograms of the capillary discharge.

5.4.3 Discussion

The interferograrns shown in Figures 5.5(a) and 5.5(b) are foremost a picture of the
dynamic evolution of the spatial-deetron density in time. A brief description of the
interferograrns and associated plasma dynamics is warranted here before contirxi-g with
the analysis of the electron density distribution which can be calculated by Equation 2.32.

In Figure 5.5(a) the first two time frames at t=9 and 14 ns show a slight deflection of
fringes at the capillary wall indicating the very first formation of the plasma sheath as
described in Section 2.5. Note that the interior fringes of the t=14 ns frame are slightly
distorted. This was due to the damage on the window behind the capillary, so these are
actually vacuum fringes with a slight offset due to the window. At t=25 ns the shifted
fringes show clear indication of a plasma sheath or a ring of plasma with a diameter of
approximately 3.4 mm (bore diameter is 4 mm). At 36 ns the interferograrn shows the
plasma has detached from the wall and is moving inward. This indicates that the
magnetic field and shock driven compression, as described in Section 2.4, have begun to
cause pinching of the plasma. At t=37 ns the plasma has collapsed further and there is
evidence by the slight shifting of the fringes in the interior of the plasma ring that the
plasma density is increasing in the region of the bore axis.
Figure 5.5@) shows a sequence of interferograms indicating the continuing
compression of the plasma as it collides on axis and begins to intermix. At t=39 and 40
ns the fringes indicate the first formation of a narrow column of plasma density at the axis
due to the closed curvature of the fringes. At t=41 ns the interferogram displays structure

at the axis that may indicate that the plasma has reached near 1 - - - compression. At t=43
ns the fringes have changed to a broader deflection without the column feature which
suggests that the plasma shock wave has reached the center and effectively reflected back
causing a disruption in the plasma structure. At t=5 1 ns the interferogram begin to appear
dark presumably due to excessive inverse bremsstrahlung absorption or bound-bound
absorption (these issues will be addressed in Section 5.4). At t=57 ns there is a smoother
fringe deflection seen which indicates a broader plasma density.
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Figure 5.6 Current pulse showing points in time of recorded interferograms.

The electron density distribution for each of the recorded interferograms can be
determined from measured fringe shifts as discussed in Sec 2.5.1 and utilizing Equation
2.32. Since most of the recorded interferograms have unshifted vacuum fringes, i.e.
where no plasma is present, it is possible to trace each fringe and determine its deflection

from me undisturbed position. This gives a direct measurement of the absolute fringe
shift and therefore the electron density may be determined. However it was found that
simulation of the interference pattern generated by an empirically fitted distribution
function greatly aided in the interpretation of the results. Thus a combination of
measured fringe shifts and simulated interferograms compared with the experiment have
been used to describe the density profiles at different times. A simulated interferogram is
shown in Figure 5.7 with the corresponding function that was overlapped with the
constant phase shift in the interferometer. Recall that the tilt of the beamsplitter causes
the effective constant phase shift and gives rise to the initial parallel fringes. The density
plot shown in Figure 5.7 is generated by plotting an equation of the form,

where C is some constant to adjust the density level, ne(x,y) is the Cartesian coordinate
representation of the cylindrically symmetric radial electron density function, and 4 is the
constant phase shift of the interferometer.

Figure 5.7 Representative simulated interferogram and density distribution function used
to assist in the analysis of the interferometric data.

Figures 5.8(a), (b), and (c) show the simulated interferograms and electron density
distribution functions that correspond to the experimental interferograms of Figures
5.5(a) and 5.5(b). Only the interferograms starting with t=25 ns were analyzed since the
earlier ones do not show significant-fringe shifts (t=43 was also not analyzed due to its
asymmetry). It is worth noting that at the probe wavelength and capillary length used
here a fringe shift from bright to dark (i.e., a n phase shift) corresponds to an electron
density of 3.5x1017 cm-3. The accuracy in measuring a shift was approximately M.25 of a
fringe width which translates to a density accuracy of M.9x1017 ~ m - ~ .
The simulated interferograms and the corresponding density functions represent a
reasonable estimate of the plasma density compared to the experimental results. It is
possible to closely match the peak density in cases where the fringe shift can be
measured. This was done and taken into account in fitting the density function. However
in cases where the interpretation of the interferogram is difficult, such as on axis at 41 ns,
some assumptions must be made. In this case it is assumed that the fringes can be
modeled by the closed fringes shown in the simulation of t=41 ns in Figure 5.8(b).
Likewise for later times, where the interferogram is darkened a smooth density function
that fits the observable fringes is assumed to also apply to the those fringes that are not as
visible.

With the measured plasma electron density distributions it is possible to describe
the spatial and temporal evolution in more detail. At approximately 25 ns into the current
pulse, the ring of plasma has formed and is essentially at the wall of the capillary. The
radius of the peak of this ring is estimated to be around 1.7 mm (capillary is 2 rnm in
radius). The peak electron density at this point has been calculated to be approximz'
4x1017 ~ m - Due
~ . to the original Ar density and considering an average ionization of the

Ar plasma at 8' an electron density of 1 . 5 ~ 1 0cm-3
' ~ is determined. This suggests that
there is unaccounted for material in the plasma or there has been an increase in particle
density.
Two factors can be considered for this discrepancy. First there can be injected
material due to wall ablation. Thus enough material from the wall must be ionized to
account for the other 2-3x density. A crude estimate suggests that a layer of about 5 nm
would have to be removed from the walls, which is not that unreasonable. The second
consideration is that at this point in time a significant shock wave has formed and has
compressed the plasma as discussed in Section 2.4. It is difficult to say exactly how much
each of the above processes would contribute to the overall density, however a reasonable
estimate would be at least a factor of two due to shock compression and the remaining
due to impurity injection.
Around 35-37 ns the plasma has detached from the wall and is undergoing
compression due to the shock wave and magnetic field. An inward velocity of 4 . 5 ~ 1 0 ~
cm/s is found by comparing the plasma ring diameter at the various times. The peak
densities of the plasma pedestal shown in Figure 5.8(a) is approximately 1x10'~cm-3. At

this time a peak of nearly the same density also begins to appear in the center of the
capillary bore on axis. This indicates that the electron density near the axis has begun to
increase due to collisional and thermal ionization coupled with compression of the
plasma.
At 41 ns the density distribution shown in Figure 5.8(b) indicates further increase of
the electron density on axis to 4x1018 ~ m ' ~It. is believed that the plasma has almost
reached peak compression at this time. The diameter of the column in the center is
estimated to be 0.5 mm.
At times greater than 43 ns the evidence of the central peak of density on top of a
pedestal has disappeared according to analysis of the interferograms. The density
distribution has formed a broad peak like that shown in Figure 5.8(c) at t=51 ns without
the characteristic narrow column. This suggests that the peak in the center has begun to
spread out due to the reflected shock at the center causing expansion and thus terminating
the compression phase of the plasma.
Some comparison of the measured on axis electron density can be made with the
computed temporal evolution as shown in Figure 2.11(a). Note however that this
calculation was done under higher initial pressure conditions than used in these
experiments. This has the effect of overestimating the peak electron density that may be
obtained [lo]. Figure 5.9 shows a plot of the on axis density as determined from the
experimental data at the times for which it is available. Apart from the missing data
around 45 ns the agreement with the temporal evolution of Figure 2.1 1, at least in terms
of qualitative shape, is reasonable. It is suggested that the actual maximum density due to

peak compression may not have been observed in the experiment due to this missing data.
Note that the final compression and breakup with expansion of the plasma occurs quite
rapidly over the course of approximately 10 ns.
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Figure 5.9 Peak on axis electron density as determined from interferometric data.

Another feature of the interferograms at 43, 51 and 57 ns is the darkening caused by
absorption as mentioned earlier. According to Figure 2.1 1 in Chapter 2 the plasma is
rapidly cooling at these times due to expansion, radiation losses, thermal conduction and
probably some intermixing with cold high density ablated wall material.

When a

condition of high density and cold temperature exist the possibility of absorption by
inverse bremsstrahlung becomes important as discussed in Chapter 2.
As a verification of the absorption, a set of simple experiments were done where a
CW HeNe laser was used to probe -theplasma and record the absorption of the laser light
by the plasma during the discharge pulse. The HeNe laser was set up on a translation
stage and the absorption recorded in time with a photomultiplier tube at different
positions along the diameter of the capillary bore. This data was then converted to
absorption as a function of position at different times. The results of these experiments
are shown in Figure 5.10(a) and 5.10(b). At 10-25 ns the first signs of absorption at the
wall of the capillary can be seen. This corresponds to the plasma sheath near the wall
observed at the same times in the interferograms. At 30-35 ns the absorption increases on
axis indicating the presence of plasma at the center of the bore at this time. By 40 ns the
absorption spans a 2 mm diameter region centered in the capillary bore. This agrees well
with the size of the absorption feature seen in the interferograms at this time. The width
of the absorption remains fairly constant from 40 ns to 60 ns which also is indicated by
the interferograms.
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Figure 5.10 (a) Results of the HeNe probe experiments showing absorption as a function
of the position in the capillary at the times indicated. Note that the approximate 0.5 mrn
asymmetrical shift is caused by the achievable probing resolution.
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Figure 5.10 @) Results of the HeNe probe experiments showing absorption as a function
of the position in the capillary at the times indicated. Note that the approximate 0.5 mm
asymmetrical shift is caused by the achievable probing resolution.

The absorption scan experiments also allowed an estimate of the absorption
coefficient. The peak absorption on axis is fairly constant from approximately 40-50 ns.
Taking the average absorption to be 80% the absorption coefficient is estimated at 2 cm-'
considering the 0.75 cm capillary-length. Assuming a plasma density of 5x10'~cms3an
electron temperature of less than 5 eV must exist as calculated by Equation 2.34 for this
absorption coefficient. This electron temperature is lower than that predicted by the
calculations shown in Figure 2.1 1. However there also exists the possibility that some of
the absorption is due to bound-bound type absorption. In order to absorb a probe photon
at these low energies the transition must exist in the high lying levels even for modest
levels of ionization of the plasma. This possibility is further influenced by the fact that

Ar would have many closely spaced energy levels due to the splitting caused by spin-orbit
interaction of the many electrons. Thus absorption by a bound-bound type process may
play a role. Photoionization mentioned in Section 2.5.2 is not expected to be a factor for
the low photon energies of the probe radiation used in either the interferometry or the
HeNe probe measurements.

5.4.4 Role of refraction on the interferometricmeasurements

It was discussed in Section 2.5.2 that plasmas can cause refraction of light that could
effect interpretation of interferometric data. In order to determine the extent of refraction
in the capillary discharge plasma ray trajectory calculations were performed using

simulated electron density gradients. A gaussian electron density function was used with
a peak density of 2x10'~~ m and
- ~a half width of 0.15 mm. This density function
represents a very extreme case of density gradient not encountered in the interferometric
measurements. Thus it represents -a worst case scenario of the refraction caused by the
plasma density gradient. Equation 2.33 was solved for the ray positions along the length
of the 0.75 mm capillary used in the experiments. It was found that the for a ray that
enters at a radius of 0.2 mm at the front of the capillary it is only displaced 2 pm at the
exit. An entrance point of 0.2 mm was chosen to achieve the greatest effect due to the
gradient.
This calculation shows that the amount of horizontal displacement for a ray is
insignificant in terms of it traversing regions of different electron density. Measurements
have shown that the electron density does not vary significantly over a few microns in the
radial direction. Thus the role of refraction can be neglected in terms of accounting for a
ray traversing different regions of electron density.
It was also found that as the ray leaves the plasma region it exits at an angle of
approximately 4 mrad. Again this is a worst case estimate of the deviation angle. This
angular deviation of rays is encountered to different degrees by all the collimated light
rays that enter the plasma from the interferometer. However a negligible amount of path
length is introduced due to this angular deviation and with the imaging arrangement used
here it does not effect the analysis of the electron density.

5.4.4 Summary

The measurements of the electron density under conditions that produce gain in the
Ne-like Ar amplifier have shown the-dynamics of the plasma compression. Calculated
densities and the temporal evolution of the density agree reasonably with the expected
behavior of the capillary discharge under these lasing conditions. It should also be noted
that there was good repeatability in terms of the interferograms recorded on different
shots at the same point in time in the current pulse. This would suggest that the plasma
forms essentially in the same way beginning with the current sheath and then compressing
due to the magnetic field and shock driven forces.
Also the uniformity of the compression appears to be inaicated by the cons11

.

smooth fringe shifts especially in the early formation stage. If any irregularities existed
along the column at the early times it would be readily visible due to the integrated effect
of the phase shift along the plasma. Thus at least up to about 40 ns, a few ns after the
time of lasing, the plasma compresses smoothly and is free from instabilities that may
disrupt the column.

CHAPTER 6
CONCLUSIONS

Investigations of two different types of x-ray lasers have been presented in the context
of a theoretical simulation in one case and an experimental characterization in the other.
The motivation behind this was to determine some of the operating characteristics of
these devices and the underlying plasma dynamics.

A numerical model was developed for the optical field ionized H-like Li
recombination x-ray laser scheme based on a simple two electron component plasma It
was found that this model predicted gain on the H-like 2-1 transition if sufficiently cold
temperatures were present in the plasma. Calculated gains compared favorably to those
measured by Nagata, et al. [I] in experiments using the OF1 scheme in H-like Li. In
addition measured plasma temperatures were in reasonable agreement with the calculated
temperatures necessary to achieve gain. Since the calculated electron temperatures were
on the order of 1 eV the formation of such a cold plasma would lead favorably to an
inversion to the ground state.
However there is inherent limitations to the use of the collisional radiative model
developed here since recombination heating was not taken into account. This effect could
be quite significant in this case considering the large recombination rates encountered in

the system. Therefore it is suggested that the calculations presented here are at least to
first order a reasonable estimate of the dynamics involved. More sophisticated self
consistent modeling is therefore needed to gain a complete picture of the plasma
processes in the OFI scheme.

-.

---

A

Diagnostic experiments have been conducted on a capillary discharge driven,
collisionally excited soft x-ray laser at 46.9 nm. The motivations here were to determine
some of the operating parameters of the capillary discharge device itself and characterize
the plasma using short pulse probe visible interferometry.

In the first case measurements were made to determine the feasibility of low-jitter
triggering of the capillary driver. This would be of use for synchronizing the discharge to
some other event with high timing resolution. It was found that with UV laser triggeril
of the main switch, jitter could be reduced to 1-2 ns. This is fairly good considering the
inherent randomness to the electrical breakdown process of the evacuated capillaries used
in the experiments.
Optical interferometry was used to measure the electron density in the capillary
discharge under gain conditions with high temporal and spatial resolution. The dynamics
of the compressing plasma were clearly observed during the current pulse.

The

interferometric data indicated a regular uniform compression that starts at about 20-25 ns
and continues rapidly as the plasma moves inward until final compression. Measured
electron densities in the discharge ranged from 1x10" ~ m at' ~
the wall early in the
formation of the discharge to values near 4x10'~~ m on
' ~axis near the time of peak
compression.

The interferometric diagnostics could be extended in future work to image the
compressing plasma with higher magnification. This could lead to more detailed
knowledge of the peak compression where the plasma column diameter is expected to be
on the order of 300 pm in diameter andthe plasma density is likely to be larger.

APPENDIX A
SHORT PULSE LASER SYSTEM

A. 1 Introduction

This appendix describes the details of the laser system that generated the short pulse
used to illuminate the interferometer. The layout of the system will be discussed as well

as an estimated measurement of the duration of the laser pulse.

A.2 Cr:LiSAF Short Pulse Laser

The laser system used to produce the short pulse is based upon a mode-locked
Ti:Sapphire laser that is regeneratively amplified by a Cr:LiSAF flashlamp pumped
amplifier. The overall laser system is shown in Figure A.1 and a full description of this
system and its capabilities is given by M. Richardson, et al. [I]. For the purpose here
only a brief description will be given of the operation of the system.
The Ti:Sapphire mode-locked laser at 845 nm produces 60 fs pulses at a repetition
rate of around 88 MHz. These pulses are then stretched to approximately 250 ps by a
grating stretcher in order to overcome non-linear effects in the regenerative amplifier
once the pulse is injected into the amplifier. This is the basis of chirped pulse

amplification and its use is widespread in high-intensity short pulse lasers. A single pulse
is selected with the electrooptic switch, or slicer, as shown. The pulse is then injected
into the amplifier cavity via a thin-film polarizer. The pulse makes 22 round-trip passes
in the cavity and the output of the regenerative amplifier is composed of a train of pulses
under a gaussian envelope. A single pulse is once again selected from the train of pulses
and this pulse is recompressed by the grating compressor shown.
Finally, the compressed pulse is sent through a telescope where the beam is reduced
and collimated. The beam then enters the KD*P crystal doubling the fundamental
wavelength to approximately 422 nm. The last element in the optical setup was a filter to
block out remaining fundamental light that does not get doubled.

A.2 Estimate of the ~ u l s duration
e

An estimate of the pulse duration from the laser was made by first recording the
spectrum of the doubled pulse with a visible spectrometer and then performing a Fourier
transform on the recorded spectrum. This spectrum is shown in Figure A.Z(a). The
spectrum shown is not smooth but exhibits structure with a dip in the wavelength near
422 nm. The Fourier transform of the pulse is shown in Figure A.2(b) and indicates a

EWHM of around 200 fs.
The pulse determined from the Fourier transform is only an estimate of the acturu
pulse duration. This is due to the fact that the dispersion of the KD*P has not been
accounted for and thus the pulse will not be transform limited. However, the infrared
pulse before the doubler was nearly transform limited and had a pulse duration of 110 fs.
Therefore, with reasonable certainty, it can be said that the pulse was not any shorter than
110 fs and that the maximum pulse duration would be determined by the added temporal

dispersion of the doubling crystal.

Considering the dispersion of the crystal it is

estimated that the pulse could not be any longer than 1 ps. Hence, this pulse is clearly
short enough to accomplish the probe experiments and overcome any problems
mentioned earlier due to plasma motion.
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Figure A.2 (a) Wavelength spectrum of the doubled output of the Cr:LiSAF short pulse
laser. (b) Fourier transform of the spectrum shown in (a) giving the approximate duration
of the pulse at FWHM of 200 fs.

LIST OF REFERENCES

Chapter 1

[I] D. L. Matthews, P. L. Hagelstein, M. D. Rosen, M. J. Eckart, N. M. Ceglio, A. U.
Hazi, H. Medecki, B. J. MacGowan, J. E. Trebes, B. L. Whitten, E. M. Campbell, C. W.
Hatcher, A. M. Hawryluk, R. L. Kauffman, L. D. Pleasance, G. Rarnbach, J. H. Scofield,
G. Syone, and T. A. Weaver, "Demonstration of a soft x-ray amplifier," Phys. Rev. Lett.
54, 110 (1985).
[2] For a general review of x-ray lithography see: H. Smith, F. Cerrina, "X-ray
Lithography for ULSI manufacturing," Microlithography World, Winter Quarterly
Edition 10, (1997).
[3] R. Dendy, Plasma Physics: An Introductory Course, (Cambridge University Press,
1993).
[4] There are multiple publications on laser produced plasmas, see for example, J. M.
Bridges, C. L. Cromer, and T. J. McIlrath, "Investigation of a laser-produced plasma
VUV light source," Appl. Opt. 25,2208 (1986).
[5] N. M. Ceglio, "Revolution in X-ray Optics," Journal of X-ray Sci. and Tech. 1,7
(1989).
[6] M. A. Klosner, H. A. Bender and W. T. Silfvast, "Intense plasma discharge source at
13.5nm for extreme ultraviolet lithography," Opt. Lett. 34,36 (1997).
[7] J. J. Rocca, V. Shlyaptsev, F. G. Tomasel, 0. D. Cortazar, D. Hartshom, and J. L. A.
Chilla, "Demonstration of a discharge pumped table-top soft-x-ray laser," Phys. Rev.
Lett. 73,2192 (1994).
[8] Accelerator and Fusion Group, "Undulator conceptual design report," Pub. 5390
(Lawrence Berkeley Laboratory, 1994).
[9] C. G. Wahlstrom, "Generation and applications of high order harmonic radiation,"
Lund Institite of Technology, Lund, Sweden, unpublished.

[lo] J. J. Macklin, Ph. D. dissertation, Stanford University, Palo Alto, 1993.

[l 11 C. G. Durfee, S. Backus, M. M. Murnane, H. C. Kapteyn, "Ultrabroadband phasematched optical parametric generation in the ultraviolet by use of guided waves," Opt.
Lett. 22, 1565 (1997).
.--.-

d

.

[12] See for example: R. Kauffman, D. Phillion, and R. Spitzer, "X-ray production at 13
nm from laser produced plasmas for projection x-ray lithography applications," Appl.
Opt. 32,6896 (1993).
[13] See for example: M. A. Klosner and W. T. Silfvast, "Intense xenon capillary
discharge extreme-ultraviolet source in the 10-16 nm wavelength region," Opt. Lett. 23,
1609 (1998).
[14] See for example: M. Richardson, A. Vasilev, S. Grantham, IS.Gabel and M. Kado
"Development of x-ray microscopy systems based on laser plasma sources," in
Applications of Laser Plasma Radiation, SPIE Proc. Vol. 20 15 (SPIE, 1994), p. 97.
[15] J. J. Rocca, D. P. Clark, F. G. Tomasel, V. N. Shlyaptsev, J. L. A. Chilla, B.
Benware, C. Moreno, D. Burd, and J. J. Gonzalez, "Advances in discharge pumped soft
x-ray lasers: From the observation of gain to the achievement of the satruation limit and
energy extraction," in X-ray Lasers 1996, Inst. of Phys. Conf.. Series 151, S. Svanberg
and C.G. Wahlstrom, eds. (Inst. of Physics, 1996), p. 176.

Chapter 2

[1] W. T. Silfvast, Laser Principles, (Cambridge University Press, 1996).

[2] R. C. Elton, X-Ray Lasers, (Academic Press, 1990), p. 23.
[3] SeeRef. [2], p. 36.
[4] See Ref. [2], p. 102..
[5] See Ref. [2], p. 74.
[6] R. W. McWhirter and A. G. Hearn, Proc. Phys. Soc. 81,641 (1963).

[7] D. Salzmann, "Atomic Physics in Hot Plasmas," unpublished lecture notes, Institute
of Laser Engineering, Osaka University, Japan, 1993.
[8] M. J. Seaton, "Radiative recombination of hydrogenic ions," Month. Not. Roy. Astr.
SOC.119,81 (1959).
[9] M. J. Seaton, Atomic and MolecularProcess, D. R. Bates, ed. (Academic Press,
1962), pp. 374-420.
[lo] See Ref. [2], p. 156, and references therein for the various cS+
lasers.

[1 11 See Ref. [2], p. 158.
[12] N. H. Burnett and P. B. Corkum, "Cold plasma production for recombination
extreme ultraviolet lasers by optical field ionization," J. Opt. Soc. Arner. B 6, 1195
(1989).
[13] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, and K. Toyoda,
"Soft x-ray amplification of the Lyman-a transition by optical-field-induced ionization,"
Phys. Rev. Lett. 71,3774 (1993).
[14] See Ref. [I], pp. 290-294.
[15] See Ref. [9].
[16] See Ref. [7], p. 56.
[17] See Ref. [2], p.103.
[18] J. Rocca, private communication.
[19] See Ref. [2], p. 103.
[20] J. J. Rocca, V. Shlyaptsev, F. G. Tomasel, 0. D. Cortazar, D. Hartshorn, and J. L. A.
Chilla, "Demonstration of a discharge pumped table-top soft-x-ray laser," Phys. Rev.
Lett. 73,2192 (1994).
[21] H. Conrads, 2.fur Physik 200,444 (1967); P. Bogen, H. Conrads, G. Gatti, and W.
Kohlhaas, J. Opt. SOC.Am. 58,203 (1968).
[22] J. J. Rocca, 0. D. Cortazar, F. G. Tomasel, and B. T. Szapiro, "Efficient generation
of highly ionized calcium and titanium plasma columns for collisionally excited soft-xray lasers in a fast capillary discharge," Phys. Rev. E 48, R2378 (1993).

[23] See Ref. [2], pp. 125-126.
[24] S. Glasstone andR.H. Lovberg, Controlled Thermonuclear Reactions, @. Van
Nostrand Company, 1960), p. 225.
[25] V. N. Shlyaptsev, A. Gerusov, A. Vinogradov, J. Rocca, 0.Cortazar, F. Tomasel,
B. Szapiro, "Modeling of fast capillary-dischargefor collisionally excited soft x-ray
lasers; comparison with experiments," SPIE Proc. Vol. 2012,99 (1993); M. Pockl, M.
Hebenstreit, T. Neger, and F. Aumayr, "Time-dependent colliosional-radiative model for
capillary discharge plasmas," J. Appl. Phys. 76,733 (1994).
[26] J. J. Rocca, D. P. Clark, J. L. A. Chilla, and V. N. Shlyaptsev, "Energy extraction
and achievement of the saturation limit in a discharge-pumped table-top soft x-ray
amplifier," Phys. Rev. Lett., 77, 1476 (1996).
[27] R. Dendy, Plasma Physics: An Introductory Course. (Cambridge University Press,
1993), p. 59.
[28] M. Born and E. Wolf, Principles of Optics, (Pergamon Press, 1959).
[29] See for example: H. Houtman, L. E. Legault, and J. Meyer, "Mach-Zehnder
interferometry at framing rates of 10.5-21 Ghz," Appl. Opt. 26, 1106 (1987); D. G.
Loveland and C. E. Webb, "Measurement of the electron density in a strontium vapor
laser," J. Phys. D:Appl. Phys. 25,597 (1992).
[30] See Ref. [28], p.300.
[3 11 I. H. Hutchinson, Principles of Plasma Diagnostics, (Cambridge Press, 1987), p.
111.
[32] See Ref [28], p. 122.
[33] C. M. Vest, "Interferometry of strongly refracting axisyrnrnetric phase objects,"
Appl. Opt. 14, 1601 (1975).
[34] C. W. Allen, Astrophysical Quantities, (Oxford University Press, 1963).
[35] L. B. DaSilva, T. W. Barbee Jr., R. Cauble, P. Celliers, C. D. Decker, D. H.
Kalantar, M. H. Key, R. A. London, J. C. Moreno, J. E. Trebes, A. S. Wan, and F. Weber,
"Applications of soft x-ray lasers for probing high density plasmas," in X-ray Lasers
1996, Inst. of Phys. Conf.. Series 151, S. Svanberg and C.G. Wahlstrom, eds. (Inst. of
Physics, 1996), p. 496.

Chapter 3

[I] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, and IS.Toyoda, "Soft
x-ray amplification of the Lyman-a transition by optical-field-induced ionization," Phys.
Rev. Lett. 71,3774 (1993).
[2] D. V. Korobkin, C. H. Nam, S. Suckewer and A. Goltsov, "Demonstration of soft xray lasing to ground state in Li 111," Phys. Rev. Lett. 77,5206 (1996).
[3] N. H. Bumett and P. B. Corkum, "Cold plasma production for recombination extreme
ultraviolet lasers by optical field ionization," J. Opt. Soc. Amer. B 6, 1195 (1989).
[4] N. H. Bumett and G. D. Enright, "Population inversion in the recombination of
optically-ionized plasmas," IEEE J. Quantum Electron. 26, 1797 (1990).
[5] P. Amendt, D.C. Eder, and S.C. Wilks, "X-ray lasing by optical-field-induced
ionization," Phys. Rev. Lett. 66,2589 (1991).
[6] D. C. Eder, P. Amendt, and S. C. Wilks, "Optical-field-ionized plasma x-ray lasers,"
Phys. Rev. A 45,6761 (1992).
[7] J. M. Greeen and W. T. Silfvast, "Population inversions with respect to the ground
level of an ion or atom by the rapid cooling of a plasma," Appl. Phys. Lett. 28,253
(1976).
[8] W. W. Jones and A. W. Ali, "Theory of short-wavelength lasers from recombining
plasmas," Appl. Phys. Lett. 26,450 (1975).
[9] M. J. Seaton, in Atomic and Molecular Process, D.R. Bates, ed. (Academic Press,
1962), pp. 374-420.
[lo] W. Lotz, 2.fur Physik 206,205 (1967);216,241 (1968); 220,486 (1969). Also
from the User Manual for Ration, R. Lee, Univ. of California and Lawrence Livermore
National Laboratory (1990).
[ l l ] See Ref. [9].
[12] P. T. Rumsby and J. W. M. Paul, "Temperature and density of an expanding laser
produced plasma," Plasma Phys. 16,247 (1974).

1131 G.J. Pert, "Models of collisional-radiative recombination," J. Phys. B: At. Mol.
Phys. 23,619 (1990).
[14] R. C. Elton, "Quasi-stationary population inversion on Ka transitions," Appl. Opt.
14,2243 (1975).
[IS] See Ref. [4].

[16] L. Spitzer, Physics of Fully Ionized Plasmas (John Wiley and Sons, 1962), p. 133.
[17] K. Midorikawa, Y. Nagata, S. Kubodera, M. Obara, and K. Toyoda, "An op field-induced ionization x-ray laser using a preformed plasma scheme," IEEE J. of
Selected Topics in Quantum Electron. 1.93 1 (1995).

-

[18] P. A. Rodgers, A. M. Rogoyski, and R. S. Y. Rose, Rutherford Appleton
Laboratory, Report No. RAL-89-127.

[20] W. L. Kruer, The Physics of Laser Plasma Interactions, (Addison-Wesley, 1988), p.
146.
[2 11 K.A. Janulewicz, S. B. Healy, and G. J. Pert, "Hydrodynamics perspective on OFIplasma x-ray lasers," in X-ray Lasers 1996, Inst. of Phys. Conf. Series 151, S. Svanberg
and C.G. Wahlstrom, eds. (Inst. of Physics, 1996), p. 156

Chapter 4

[I] P. Bogen, H. Conrads and D. Rusbuldt, 2.fur Physik 186,240 (1965).
[2] M. C. Marconi and J. J. Rocca, "Time resolved extreme ultraviolet emission from a
highly ionized lithium capillary discharge," Appl. Phys. Lett. 54,2180 (1989).
[3] J. J. Rocca, V. Shlyaptsev, F. G. Tomasel, 0. D. Cortazar, D. Hartshorn, and J. L. A.
Chilla, "Demonstration of a discharge pumped table-top soft-x-ray laser," I vs. Rev.
Lett. 73,2192 (1994).

[4] Lumonics Model 220, Lumonics Inc., Ontario, Canada, Manufactured 1974.

[5] L. Spitzer, Physics of Fully Ionized Plasmas (John Wiley and Sons, 1962).
[6] J. R. Woodworth, P. J. Hargis Jr., L. C. Pitchford, and R. A. Harnil, "Laser triggering
of a 500 kV gas-filled switch: A parametric study," J. Appl. Phys. 56, 1382 (1984).
[7] B. J. MacGowan, Lawrence Livermore National Laboratory Report, UCRL-50021-85
(1985), p. 4-42; G. Shirnkaveg, L. B. DaSilva, D. J. Fields, A. R. Fry,C. J. Keane, J. A.
Koch, B. J. MacGowan, S. Mrowka, J. E. Trebes, R. E. Stewart, D. L. Matthews, M. J.
Eckart, "Diagnostic instrumentation at the Nova two-beam facility," in X-ray Lasers
1990, Inst of Phys. Conf. Series 116, G. J. Tallents, ed. (Inst. of Physics, 1991), p. 105.
[8] P. Beaud, M. Richardson, and E. Miesak, "Multi-terawatt femtosecond Cr:LiSAF

laser," IEEE J. Quantum Electron. 31,3 17 (1995); M. Richardson, S. Grantham, K.
Gabel, G. Shirnkaveg, and P. Beaud, "A 10 terawatt femtosecond laser plasma facility,"
in Solid State Lasers for Application to Inertial Confinement Fusion, SPIE Proc. Vol.
2633 (SPIE,1995), p. 324.

Chapter 5

[I] H. A. Bender III, J.J. Rocca, and W.T. Silfvast, "Capillary discharge soft x-ray
amplifier for use in amplifying harmonic radiation," in X-ray Lasers 1996, Inst. of Phys.
Conf. Series 151, S. Svanberg and C.G. Wahlstrom, eds. (Inst. of Physics, 1996), p. 184.
[2] J.J. Rocca, D.P. Clark, J.L.A. Chilla, and V.N. Shlyaptsev, "Energy extraction and
achievement of the saturation limit in a discharge-pumped table-top soft x-ray amplifier,"
Phys. Rev. Lett. 77, 1476 (1996).
[3] L. L. Small, D. C. D. McKen, and A. A. Offenberger, "Low-jitter, low-inductance,
electrically triggered spark gap," Rev. Sci. Instrum. 55, 1084 (1984).
[4] A. H. Guenther and J.R. Bettis, "The laser triggering of high-voltage switches," J.
Phys. D 11, 1577 (1978).
[5] J. J. Rocca, V. Shlyaptsev, F. G. Tomasel, 0. D. Cortazar, D. Hartshorn, and J. L. A.
Chilla, "Demonstration of a discharge pumped table-top soft-x-ray laser," Phys. Rev.
Lett. 73,2192 (1994).
[6] J. J. Rocca, F. G. Tomasel, M. C. Marconi, V. N Shlyaptsev, J. L. A. Chilla, B. T.
Szapiro, and G. Giudice, "Discharge-pumped soft-x-ray laser in neon-like argon," Phys.
Plasmas 2,2547 (1995).

[7] See Ref. [S].
[8] F. G. Tomase1,V. N.Shlyaptsev, and J. J. Rocca, "Enhanced beam characteristics of a
discharge-pumped soft x-ray amplifier by an axial magnetic field,'' Phys. Rev. A 54,2474
(1996). See also Ref. [6].
- -

[9] F. C. Jahoda, E. M. Little, W. E. Quinn, F. L. Ribe, and G. A Sawyer, Los Almos
Scientific Laboratory Report, LAMS-3004(1963). Also see for general reference, F. C.
Jahoda and G. A. Sawyer, "Optical refractivity of plasmas," in Methods of Experimental
Physics Vol. 9, R. Lovberg and H. R. Griem, eds. (Academic Press, 1971).
[lo] V. N. Shlyaptsev, private communication.

Chapter 6

[I] Y. Nagata, K. Midorikawa, S. Kubodera, M. Obara, H. Tashiro, and K.Toyoda, "Soft
x-ray amplification of the Lyman-atransition by optical-field-induced ionization," Phys.
Rev. Lett. 71,3774 (1993).

Appendix A

[I] M. Richardson, S. Grantham, K. Gabel, G. Shimkaveg, and P. Beaud, "A10 terav
femtosecond laser plasma facility," in Solid State Lasersfor Applicdon to Inertial
Confinement Fusion, SPIE Proc. Vol. 2633 (SPIE,1995), p. 324.

